Evolutionary patterns within the Anthozoa (phylum Cindaria) reflected in ribosomal gene sequences by Berntson, Ewann Agenbroad, 1968-
Evolutionary patterns within the Anthozoa (Phylum Cnidaria)
reflected in ribosomal gene sequences
By
Ewann Agenbroad Berntson
B.Sc., University of Washington
(1991)
SUBMITTED IN PARTIAL FULFILLMENT OF THE




MASSACHUSETTS INSTITUTE OF TECHNOLOGY
and the
WOODS HOLE OCEANOGRAPHIC INSTITUTION
SApril 1998 .
© 1998 Ewann A. Berntson
All rights reserved.
The author hereby grants to MIT and WHOI permission to reproduce paper and electronic
copies of this thesis in whole, or in part, and to distribute them publicly.
Signature of Author
Joint Program in Biological Oceanography,
Massachusetts Institute of Technology/
wUnnd-k Hole Oceanographic Institution
Certified by




Chairman, Joint Committee for Biological Oceanography,
Massachusetts Institute of Technology/
Woods Hole Oceanographic Institution
Iv

This thesis is dedicated
to the memory of
Jessica Wallace
You supported me through graduate school
in more ways than you can know.
You instilled in me an appreciation for the
truly important things in life.
You convinced me that I could make it
to the top of that mountain.





Evolutionary patterns within the Anthozoa
(Phylum Cnidaria) reflected in ribosomal gene sequences
by
Ewann Agenbroad Berntson
Submitted to the Department of Biological Oceanography in April, 1998
in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy
Abstract
This thesis project assesses phylogenetic relationships within the phylum Cnidaria,
at the subclass level within the Class Anthozoa, and at the ordinal level within the Subclass
Octocorallia. Traditional cladistics using morphological data have resulted in disagreements
over taxonomic relationships, primarily due to a paucity of morphological characters within
the Anthozoa and ambiguity about the significance of any given character. I have used
DNA sequence information to help resolve some of these issues. These phylogenetic
studies contribute to the understanding of divergence within the class Anthozoa.
Museum collections of preserved flora and fauna historically used for
morphological studies are now increasingly being utilized for addressing genetic questions.
The extraction of DNA from ethanol-preserved specimens of recent origin is practiced
routinely, but genetic analyses of long-preserved specimens have inherent difficulties due
to the slow degradation of DNA. The goal of this study was to demonstrate the feasibility
of isolating genomic DNA from museum specimens of octocorals and amplifying the
nuclear 18S ribosomal RNA gene. The DNA sequence for the complete 18S rRNA gene
can then be determined. Techniques were designed to solve several problems for obtaining
genetic sequences from museum specimens. The DNA extractions of museum specimens
yielded only small amounts of DNA of very low molecular weight, which limits the length
of Polymerase Chain Reaction (PCR) products that can be generated with standard
protocols. I was successful in producing PCR fragments from museum specimens by
performing an extended tissue digestion on the archival specimens, running an initial PCR
reaction, and then following with a reamplification of the original PCR product. The use of
taxon-specific PCR primers decreased the risk of amplifying contaminant DNA rather than
the target DNA in archival specimens. The combination of our modified extraction protocol
and PCR reamplifications with taxon-specific PCR primers allowed me to generate 700- to
1800-basepair sequences from 16 specimens from three different museum collections that
had been preserved for up to fifty years.
Taxonomic relationships within the corals and anemones (Phylum Cnidaria: Class
Anthozoa) are based upon few morphological characters: colony morphology and the
structure of the tentacles, gastric mesenteries, nematocysts, and skeletal axis. The
significance of any given character is debatable, and there is little fossil record available for
deriving evolutionary relationships. In this study I use complete sequences of 18S
ribosomal DNA to examine subclass-level and ordinal-level organization within the
Anthozoa. I investigate whether the traditional two-subclass system (Octocorallia,
Hexacorallia) or the current three-subclass system (Octocorallia, Hexacorallia,
Ceriantipatharia) is better supported by sequence information. I also examine the
phylogenetic affinities of the anemone-like species Dactylanthus antarcticus and the
putative antipatharian Dendrobrachia paucispina. Thirty-eight species were chosen to
maximize the representation of morphological diversity within the Anthozoa. Maximum
likelihood techniques were employed in the analyses of these data, using relevant models of
evolution for the 18S rRNA gene. I conclude that placing the orders Antipatharia and
Ceriantharia into the Subclass Ceriantipatharia does not reflect the evolutionary history of
these orders. The Order Antipatharia is closely related to the Order Zoanthidea within the
Hexacorallia and the Order Ceriantharia appears to branch early within the Anthozoa, but
the affinities of the Ceriantharia cannot be reliably established from these data. My data
generally support the two-subclass system, although the Ceriantharia may constitute a third
subclass on their own. The Order Corallimorpharia is likely polyphyletic, and its species
are closely related to the Order Scleractinia. Dactylanthus, also within the Hexacorallia, is
allied with the anemones in the Order Actiniaria, and their current ordinal-level designation
does not appear to be justified. The genus Dendrobrachia, originally classified within the
Order Antipatharia, is closer phylogenetically to the Subclass Octocorallia. The 18S rRNA
gene may be insufficient for establishing concrete phylogenetic hypotheses concerning the
specific relationships of the Corallimorpharia and the Ceriantharia, and the branching
sequence for the orders within the Hexacorallia. The 18S rRNA gene has sufficient
phylogenetic signal, however, to distinguish among the major groupings within the Class
Anthozoa, and I can use this information to suggest relationships for several enigmatic
taxa.
The Subclass Octocorallia (Phylum Cnidaria: Class Anthozoa) is comprised of the
soft corals, gorgonian corals, and sea pens. The octocorals have relatively simple
morphologies, and therefore few characters upon which to base taxonomic systems.
Historically, the Subclass Octocorallia was divided into seven orders: Helioporacea
(Coenothecalia), Protoalcyonaria, Stolonifera, Telestacea, Alcyonacea, Gorgonacea, and
Pennatulacea. It has been argued that this arrangement exaggerates the amount of
variability present among the species of the Octocorallia. The current taxonomy recognizes
the two orders of Helioporacea (blue corals) and Pennatulacea (sea pens), and assembles
the remaining species into a third order, Alcyonacea. The species within the Alcyonacea
exhibit a gradual continuum of morphological forms, making it difficult to establish
concrete divisions among them. The subordinal divisions within the Alcyonacea
correspond loosely to the traditional ordinal divisions. In this study I address the validity
of the historical ordinal divisions and the current subordinal divisions within the Subclass
Octocorallia. I also explore the phylogenetic affinities of the species Dendrobrachia
paucispina, which was originally classified in the Order Antipatharia (Subclass
Ceriantipatharia). Polyp structure indicates a closer affinity between Dendrobrachia and the
Subclass Octocorallia. I have determined the nuclear 18S rRNA sequences for 41 species
of octocorals, and use these to construct a molecular phylogeny of the subclass. I utilize
Maximum Likelihood techniques, employing a realistic model of evolution given these
species and this data set. The most likely trees from these sequence data do not support the
morphological taxonomy of the Octocorallia. The Order Pennatulacea is the most cohesive
group within the subclass, but is not monophyletic. The most likely trees indicate three
primary clades, one of which is undifferentiated and contains half of the species in this
analysis. These data cannot distinguish among the branching order of these three clades.
The morphological character of dimorphism (the presence of both autozooids and
siphonozooids within a single colony) corresponds loosely with the topology of the most
likely trees, and the monophyly of dimorphism cannot be rejected from these data. The
species Dendrobrachia paucispina has a close affinity with the genera Corallium and
Paragorgia (Alcyonacea: Scleraxonia), although its morphology suggests it is more similar
to the genus Chrysogorgia. The genetic divergence found within genera is approximately
equivalent to that found in other invertebrates, but the divergence found within families is
greater in the octocorals than in other invertebrates. This difference may reflect the
inappropriate inclusion of evolutionarily divergent genera within octocorallian families.
This study is more thorough than other anthozoan molecular phylogenetic studies to date. I
have employed appropriate evolutionary models for maximum likelihood analyses, utilizing
complete 18S rDNA sequences from the majority of families within the Octocorallia. Many
of the relationships within the Octocorallia, however, remain ambiguous.
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Knowledge of evolutionary systematics is fundamental to our understanding of the
processes that influence the biological world. Life on this planet survives thanks to a
complicated web of interactions involving species from microbes to mammals. The faunal
diversity that exists today is the result of evolutionary processes acting over millions of
years. The forces behind evolution, and the details of how species change, are not well-
understood. Evolutionary changes cannot be observed directly on the time-scale of a
human lifetime, so insight into these processes must be gained from other lines of
evidence. The fossil record is invaluable for reconstructing morphological change. Not all
species are readily fossilized, however, and often one must rely upon comparisons of
existing morphological forms to hypothesize evolutionary relationships.
Evolutionary relationships among species can be reconstructed by comparing
character traits, assuming that species sharing the greatest number of common traits are the
closest relatives of one another. Traditionally, morphological characteristics were used to
determine phylogenies because the genetic changes behind those morphological traits were
inaccessible or unknown. With the advent of molecular techniques, we can use protein and
DNA sequence information as additional characters to reconstruct phylogenetic
relationships. DNA sequence information can be useful in determining relationships where
morphological associations are ambiguous or contradictory and a fossil record is lacking.
A combination of morphological and molecular information will provide the maximum
number of characters upon which to base a taxonomic system.
This thesis examines phylogenetic relationships within the Class Anthozoa
(Phylum Cnidaria). Cnidarians are some of the simplest of the invertebrates
morphologically. They are diploblastic, possess a single body opening into a
gastrovascular cavity, and have no specialized system for gas exchange, excretion, or
circulation. The phylum is characterized by the presence of tentacles armed with stinging
nematocysts. Many species exhibit an alternation of generations between a medusa stage
and a polyp stage. The species of the Class Anthozoa (anemones, corals, and sea pens)
lack the medusa stage, and are exclusively polypoid.
An early taxonomic classification of the Anthozoa recognized two subclasses (e.g.
Minchin et al. 1900, Deichmann 1936, Hyman 1940) (Fig. lA). The Subclass
Hexacorallia contained the stony corals (Scleractinia), anemones (Actiniaria), the black
corals (Antipatharia), tube-anemones (Ceriantharia), and other anemone-like species
(Zoanthidea and Corallimorpharia). The Subclass Octocorallia contained the blue corals
(Helioporacea), soft corals (Alcyonacea), gorgonian corals (Gorgonacea), and sea pens
(Pennatulacea). The subclass-level divisions were based primarily on the numbers of
tentacles (eight in the Octocorallia vs. multiples of six in the Hexacorallia) and the number
of divisions within the gastrovascular cavity, termed septa or mesenteries (eight unpaired in
the Octocorallia vs. multiples of six paired in the Hexacorallia). The ordinal-level divisions
within the Hexacorallia were based on the type of skeleton present, if any, and finer
distinctions in the mesenteries and tentacles. The ordinal-level divisions within the
Octocorallia were based on attributes such as colony structure, skeletal composition and
arrangement, and the structure and location of extraskeletal calcium spicules (Wells & Hill
1956a).
The current taxonomic system, proposed as early as the 1890's (van Beneden
1897) but not adopted until the 1950's, recognizes three subclasses within the Anthozoa
(Fig. IB). The orders containing the black corals and the tube anemones were removed
from the Hexacorallia and placed within their own Subclass, the Ceriantipatharia. This
revision was based on two characters: the resemblance of the larval cerianthid (the
cerinula) to the adult antipatharian polyp, and weak and indefinite mesentery musculature
(Wells & Hill 1956b). The Subclass Octocorallia was also revised based on the hypothesis
that the species of the Octocorallia were not sufficiently different from one another to





































Fig. 1 Historical and revised taxonomic divisions within the Class Anthozoa.
A. Traditional classification, e.g. Minchin et al. (1900), Deichmann
(1936), Hyman (1940).
B. Revised classifications, e.g. van Beneden (1897), Bayer (1981).
system retained the orders Helioporacea and Pennatulacea, and combined the remaining
species into the Order Alcyonacea. The previous ordinal divisions were loosely maintained
at the subordinal level within the Alcyonacea.
The Anthozoa have a relatively simple morphology, with few characters on which
to base their taxonomy. The divisions within the Hexacorallia can include differences in
the numbers of tentacles and mesenteries, as well as the presence or absence of a skeleton,
but the octocorals all have the same number of tentacles and mesenteries, reducing the
number of characters even further for defining groups within the subclass. Morphological
characters are so few in the octocorals that sometimes an entire group is defined by a single
character (Hickson 1930). The various taxonomic arrangements have arisen from differing
interpretations of the significance of these characters (e.g. Broch & Horridge 1957 vs.
Bayer 1993, concerning spicule morphology). The fossil record for the anthozoans is
incomplete, because many of the species lack any solid skeleton which would be preserved
more readily.
Genetic data can be particularly useful for investigating these types of taxonomic
relationships. Many genes are found universally in all living species, and can therefore be
compared directly. This is true for very few morphological characters. Different regions
of DNA evolve at different rates as a result of functional constraints, so a genomic region
can be selected to be appropriate for the scope of the evolutionary question addressed.
New methods of analysis have recently become tractable for large data sets. Researchers
can now use appropriate models of evolution in their analyses, reducing the error
introduced into the analysis from incorrect assumptions about the way genes evolve.
In this thesis work, I used molecular phylogenetic methods to address questions of
evolution within the Class Anthozoa. I sought to determine whether traditional
morphological taxonomy or recent taxonomic revisions more accurately reflect the
phylogeny of the class. Two specific questions pertaining to the Class Anthozoa have
arisen from conflicts in the interpretation of morphological data. The first question
addresses the validity of the Subclass Ceriantipatharia within the Anthozoa. The placement
of Ceriantharia and the Antipatharia in a separate subclass argues that these groups are of an
evolutionary lineage separate from that of the other Anthozoa. A more fundamental aspect
of this question is whether the ordinal divisions within the Hexacorallia and
Ceriantipatharia, which are based exclusively on morphological differences, reflect the
phylogeny of these species.
The second question concerns the degree of genetic divergence among the major
groups within the subclass Octocorallia, and whether the morphologically recognized
divisions correspond to genetic associations found. I examined whether genetic divergence
indicates that the morphological groups should be distinguished at the ordinal or subordinal
level. The separation of groups at the ordinal level indicates these groups are more distinct
from each other than if they were separated at the subordinal level. The revised taxonomy
(Bayer 1981) suggests a closer relationship among the alcyonacean suborders than among
the orders Helioporacea, Alcyonacea, and Pennatulacea. Measures of sequence divergence
will indicate the relative differences within and among the seven historically recognized
orders. If divergence is lower among the suborders of the Alcyonacea than among the
orders Helioporacea, Alcyonacea, and Pennatulacea, this would suggest that the Order
Alcyonacea with the current subordinal divisions is a more accurate reflection of the
evolutionary history of the Octocorallia.
This thesis project also examined the phylogenetic affinities of two taxa with
intriguing morphologies. The first is the species Dactylanthus antarcticus, which is a
member of the Order Ptychodactiaria within the Subclass Hexacorallia. The
Ptychodactiaria are anemone-like, and were historically members of the Order Actiniaria
(the anemones). Their musculature, nematocysts and mesenterial structure were
subsequently deemed ancestral and unique from the other Actiniaria, and a new order was
created for them (Wells & Hill 1956c). The second species, Dendrobrachia paucispina,
was originally classified with the Order Antipatharia (black corals) based on its skeletal
axis. Recent examinations of polyp morphology suggest that Dendrobrachia is actually a
member of the Octocorallia. Molecular information was utilized to clarify the phylogenetic
affinities of these unusual species.
I acquired individual specimens or DNA from species representing all of the orders
and the majority of the suborders and families in the Class Anthozoa in order to construct a
molecular phylogeny of the class. Species from all orders and most suborders of the
Hexacorallia were obtained for my analyses, as well as members of 22 of the 30 extant
families of the Octocorallia. This sampling scheme was devised to include representatives
from across the morphological breadth of the Class Anthozoa.
Specimens were collected by submersible from Fieberling Guyot in 1990 and
Hawaiian seamounts in 1993 and 1996, and in coastal environments in the U.S., Bermuda,
New Zealand, the Red Sea, and Panama. Sequences were determined from twelve alcohol-
preserved specimens from the National Museum of Natural History, the Harvard Museum
of Comparative Zoology, and the Bermuda Aquarium, Natural History Museum and Zoo.
Molecular Techniques
There are many steps in the progression from specimen to phylogenetic tree.
Recent technological advances have improved the accessibility, quality and speed of many
of the steps of phylogenetic analysis. Advances in analytical methods have accompanied
the advances in techniques, providing a clearer understanding of molecular evolutionary
processes in the natural world. As a result, the appearance of molecular phylogenies in the
recent literature has increased geometrically.
Selection of a Genomic Region
Organismal phylogenies using molecular data are based on the assumption that a
specific genomic region is representative of the evolutionary history of the entire genome.
Sequence information from a single gene or portions of several different genes are
evaluated because it is impractical to obtain the sequence of an entire genome. Each
genomic region evolves at a specific rate determined by its structural and functional
constraints, so a particular region must be selected that is appropriate for the phylogenetic
question. A gene that evolves too slowly will yield insufficient genetic differences to
indicate phylogenetic relationships among closely related taxa. A gene that evolves too
rapidly will be difficult to align among species that are evolutionarily divergent. Genetic
divergences greater than 30% indicate the sequences are essentially randomized, and
therefore difficult to align with certainty (Hillis & Dixon 1991). Appropriate genomic
regions must be chosen for addressing evolutionary relationships at the taxonomic levels
under investigation.
Two basic types of genes that have been used for reconstructing molecular
phylogenies are protein-coding genes and ribosomal genes. Protein-coding genes are
constrained in the ways they can evolve because they must produce a functional protein.
Ribosomal RNA genes, found in both the nucleus and mitochondria, do not produce a
protein, but form part of an RNA and protein complex that builds other proteins. The RNA
within these ribosomal complexes have extensive secondary structure, including regions
that must maintain base-pairing with other portions of the RNA (stem regions), as well as
regions which do not engage in base-pairing (loop regions) and are therefore less
constrained. Because of these structural constraints, ribosomal RNA genes have domains
that evolve at different rates, making them appropriate for phylogenetic analysis at a variety
of taxonomic levels.
Nuclear ribosomal RNA genes are used frequently to address phylogenetic
questions at a variety of taxonomic levels. In particular, the small-subunit 18S rRNA gene
has proven useful for phylogenetic inquiries at the phylum level (e.g. Wainright et al.
1993), the ordinal level (e.g. Kelly-Borges et al. 1991, Hay et al. 1995) and the family
level (e.g. Kuznedelov & Timoshkin 1993, Fitch et al. 1995). The questions I address in
this thesis fall within this range, suggesting that the nuclear 18S rRNA gene is appropriate
for this work. Although the 18S rRNA gene is fairly large (roughly 1800 basepairs in
cnidarians), the availability of automated sequencers facilitates the sequencing process
greatly. It is no longer prohibitive to generate many DNA sequences from genomic regions
of this size.
Generating DNA Sequences
The determination of DNA sequences relies upon the generation of large quantities
of DNA from the genomic region of interest. This was a time-consuming process in the
past: the region of interest was identified through restriction digests and probing, the
sample DNA was cloned into bacterial colonies, and then the colonies were grown and
harvested to produce sufficient quantities of DNA to determine the sequence.
Undeniably, the most significant recent advance in molecular techniques as they
relate to the generation of DNA sequences is the Polymerase Chain Reaction (PCR). PCR
was first described in 1987 (Mullis & Faloona 1987). It is a process by which a particular
genomic region can be copied exponentially by mimicking the cellular DNA replication
cycle. DNA polymerase and individual nucleotides are added to the DNA template, along
with small single-stranded (oligonucleotide) primers that anneal to the ends of the sequence
to be determined. The regions flanking the gene of choice must therefore be known in
order to design appropriate oligonucleotide primers. PCR is a highly effective procedure,
producing a 200,000-fold increase in the target sequence in 20 cycles by starting with 1 gg
of total DNA (Mullis & Faloona 1987). The target sequence can be present in very minute
quantities, which makes this procedure applicable for working with museum specimens,
where tissue samples are limited and the majority of the DNA in the specimen may be
damaged or degraded.
For my project, I performed PCR amplifications of the nuclear 18S rRNA gene,
and I cloned the PCR fragments into bacterial colonies. There are three primary reasons for
this approach. First, cloning gave me a permanent record of my PCR amplifications to
which I could return if needed. Additionally, methods for determining the sequence of
PCR products require large concentrations of those products. Generating large amounts of
PCR product is routine from fresh or frozen specimens, but this was rarely the case with
the museum specimens. Lastly, cloning the PCR fragments allowed me to determine the
sequence for the entire fragment. Normally, the ends of the DNA template are 'lost' in the
sequencing process, because sequencing primers must be slightly internal to the PCR
primers to produce a clean DNA sequence. If the PCR fragment is cloned, however, one
can begin the sequencing reaction within the bacterial vector, and read the entire PCR
fragment.
I used the TA-cloning method (Invitrogen Corporation) in my protocol. TA-
cloning takes advantage of a biochemical characteristic of the PCR reaction: Taq DNA
polymerase adds an additional adenosine (A) nucleotide to the end of every synthesized
DNA fragment. The bacterial vector is designed to have single thymidine (T) nucleotide on
its ends which will pair-bond with the ends of the PCR fragments, and splice the DNA
fragment into the vector. The vector with the PCR fragment is then transformed into
bacterial cells, where it replicates along with the bacterial DNA replication system. The
cells are grown on solid medium, and are harvested and their DNA extracted to be used as
the template for the DNA sequencing reaction.
I utilized Licor automated sequencers for the bulk of this thesis project. I employed
the dideoxy sequencing method (the Sanger method) for the sequencing reaction, with an
infrared label on the sequencing primers. I performed six sequencing reactions for each
specimen, with three primers along each strand of DNA for both strands. I determined the
sequences for each strand in order to verify that the sequence was internally consistent.
The images were analyzed using the BioImage program, which read the gels and assembled
the individual reactions to form contiguous sequences.
Sequence Analysis
Once the sequences have been determined for a group of organisms, phylogenetic
inferences can be made about those organisms based on the similarities and differences of
their sequences. The first step in comparing sequences is to align them (Fig. 2A). An
alignment can be thought of as an hypothesis of positional nucleotide homology. An
alignment asserts that all nucleotides at a given position would share a common ancestral
nucleotide. Computer programs are available that will align sequences, although many
alignments can be constructed easily by eye. Sequence similarity is the primary basis by
which sequences are aligned, but such alignments are subject to homoplasy (two
nucleotides are the same at a given position through parallel evolution, not because they
have a common ancestor). The use of stem and loop structure can be beneficial when
aligning ribosomal sequences, incorporating knowledge of secondary structure. However
an alignment is created, it is absolutely critical that the alignment be accurate before
proceeding with further analyses. All phylogenetic analyses assume the alignment is
correct, since the analyses intend to compare homologous characters. For this reason, any
regions of the alignment that are ambiguous or difficult to align with certainty should be













Examples of a sequence alignment and phylogenetic tree
A. Sample alignment of three theoretical species.
B. Hypothetical tree built from the above sequences.
Fig. 2
The product of a phylogenetic analysis is a tree depicting relationships among the
taxa included in the analyses (Fig. 2B). The individual taxa are found at the tips of the
branches, and the branching pattern organizes the taxa into groups based on hypothesized
evolutionary relationships. As one moves from the tips of the tree back to the base, one is
moving back in time, retracing the development of the lineage of organisms. Each tree is
considered an evolutionary hypothesis, based on the data presented and the algorithm used,
representing proposed evolutionary relationships among the members of the tree.
Therefore, trees of differing topologies are considered alternative evolutionary hypotheses.
The topological positions of taxa on a tree convey specific relationships among
those taxa. A group of taxa that are united into a single cluster, joined together at a
common base, is called a clade. Stated in a slightly different way, a clade constitutes a
single point on the tree and all descendents. A group of taxa is considered monophyletic if
all taxa in the group can be found in a single clade, with no other species included in that
clade. A group of taxa is polyphyletic if members of that group can be found in different
clades, with other species intermixed. A group is paraphyletic if it includes a common
ancestor and some, but not all, of the descendents. Taxa that branch together with no other
species between them are called sister taxa (e.g. Anthozoan 1 and Anthozoan 2 from Fig.
2B). Sister-taxa are presumed to be more closely related to each other than to any other
taxon on the tree. Similarly, clades that branch together are called sister clades. A species
that branches at the base of a clade is considered basal to that clade (e.g. Anthozoan 3 is
basal to Anthozoans 1 and 2 in Fig. 2B). A basal taxon is considered to be ancestral to that
clade, having diverged from it before the other members of that clade. Conversely, a
species that branches nearest the tips of the tree (e.g. Anthozoan 1), is considered to be a
derived species, having diverged from the lineage more recently. Trees can be constructed
to depict the amount of dissimilarity (= genetic distance) among taxa by branch lengths.
The horizontal branch lengths between any two taxa on a distance tree is proportional to the
genetic distance between those taxa.
Three primary algorithms are typically used for analyzing sequence data, each with
its own theoretical basis. The most common method is parsimony, which operates under
the familiar tenet that the simplest explanation is the most likely. As it applies to
phylogenetic analyses, the tree that requires the least number of evolutionary steps to
explain the relationships of character states among the taxa involved is considered the most
parsimonious reconstruction of those taxa. Parsimony analyses only consider similarities,
and thus they are the most susceptible to the effects of convergent or parallel evolution.
A second suite of analyses are the distance methods. Distance analyses convert all
information on sequence differences between two taxa to a single number, representative of
the differences between those taxa. Various evolutionary models can be built into distance
calculations, taking into consideration aspects such as variations in substitution rate and
base frequencies. The actual sequence information is not retained once the distance
calculation is made, which results in a loss of information. But the algorithm is relatively
fast as a result, making it particularly useful for large data sets. Distance methods are not
as accurate in finding the correct tree, however, if there are many short branches.
Maximum Likelihood (ML) methods have been developed most recently for
practical use with sequence data sets. ML constructs phylogenetic trees that are the most
likely given the sequence data being analyzed and the evolutionary model employed
(Swofford et al. 1996, Huelsenbeck & Crandall 1997). The analysis produces a statistic
for each tree, the maximum likelihood score (Lscore) that is the probability of that tree
given the data set and the model. This score can be used to compare two different trees (i.e.
two evolutionary hypotheses) statistically.
Maximum likelihood techniques allow one to tailor the evolutionary model used
specifically for the analysis of each individual data set. This is especially important when
working with large data sets, where the error introduced from using an incorrect method of
analysis can overwhelm the phylogenetic information in the data set (DeSalle et al. 1994,
Rzhetsky & Nei 1995).
The types of parameters ML can use in its evolutionary models include unequal
base frequencies, base-specific rates of change (i.e. A to C, G to T, etc.), a proportion of
sites that are invariant, and a variable substitution rate among the remaining sites. One can
choose between having one, two, or six different rates of substitution. One rate of
substitution effectively gives all sites the same mutational rate. Two substitutional rates
allows the differentiation between transitions (A to G, C to T) and transversions (A to C, G
to T). Six rates of substitution allows a rate of substitution for each possible base change
(A to C, A to G, A to T, etc.,). Further heterogeneity in substitutional rate may be present
in the data, especially in ribosomal sequences. The gamma distribution is often used to
model this heterogeneity: a few sites have a high substitutional rate (potentially multiple
substitutions at a single site), and the majority of sites have a very low substitutional rate.
The exact shape of the gamma distribution is determined by the gamma parameter, xo,
which is the inverse of the coefficient of variation for the distribution. The most complex
ML model incorporates all of the parameters just described (unequal base frequencies, six
rates of substitution, a proportion of invariant sites, and rate heterogeneity modeled with a
gamma distribution). This model is referred to as a General Time-Reversible model (GTR)
with substitutional rate heterogeneity (discussed in depth in Swofford et al. 1996).
Maximum likelihood calculations will indicate which evolutionary parameters
should be incorporated when analyzing a particular data set. The most accurate
evolutionary model will always be the GTR model with rate heterogeneity, described
above, but it is also the most complex (i.e. has the most parameters to calculate). It is not
always necessary to use the most complex model. The simpler models incorporate fewer
parameters (i.e. unequal base frequencies, proportion of invariant sites, etc.) and are
therefore less computer-intensive, and will run more quickly than the more complex
models. A simpler method will also produce lower variance. A simpler model, however,
may not be sufficiently accurate. In order to determine which model is the simplest for a
given data set without sacrificing accuracy, a tree is generated from that data set with any of
the standard models (parsimony, distance, etc.). The Lscores are then calculated for that
tree using a number of different evolutionary models, and compared using the Likelihood
Ratio Test (LRT) (Swofford et al. 1996, Huelsenbeck & Rannala 1997). The LRT will
determine if a simpler model can be used, or if a more complex model will give
significantly better results. Once the appropriate evolutionary model has been determined,
the same initial tree is used to calculate the correct parameters for the model chosen based
on the particular data set. Those parameters are then used in an ML analysis of the data.
Once the parameters have been chosen for a given data set, a search for the most
likely tree is performed. The most thorough method of searching is termed an exhaustive
search, in which all possible branching combinations of taxa are tried and evaluated. The
number of possible trees increases geometrically with the number of taxa, however. Only
one tree is possible with three taxa, but four taxa can yield 3 trees, five taxa yield 15
possible trees, six taxa generate 105 possible trees, etc. (Swofford 1991). A data set like
those used for chapters 2 and 3 include over 50 taxa, which yield well over 3 x 1074
possible trees. Computationally, this is very intensive. As a result, I have conducted
heuristic searches of my data sets.
Heuristic searches are must faster than exhaustive searches, but they are not
guaranteed to find the optimal tree. Heuristic searches are conducted by constructing an
initial tree, and then swapping branches on that tree in an attempt to improve the tree. The
search will settle on the best tree possible given the original starting tree. This type of
searching runs the risk of finding a 'locally optimal' tree rather than a 'globally optimal'
tree. The best way to increase the chances of finding the globally optimal tree is to perform
multiple heuristic searches, with different starting trees. This is what I have done for the
bulk of my data analyses.
Once the most likely tree (or trees) have been determined, manipulations of those
trees can yield valuable information about the strengths and weaknesses of the phylogenetic
signal. The 'most likely' tree is indeed most likely, but it may not be statistically worse
than a tree with an alternate topology. I used the computer program PAUP* (Swofford
1996 betatest version) in conjunction with the tree-building program MacClade (Maddison
& Maddison 1992) throughout my thesis work to build phylogenetic trees and test their
topologies. The simplest way to test alternate evolutionary hypotheses is to construct trees
in MacClade, and then measure the Lscores of both trees in PAUP* using the appropriate
evolutionary model. The Kishino-Hasegawa test (KH Test) (Kishino & Hasegawa 1989)
within PAUP* is a two-tailed statistical test to determine if one tree is statistically less likely
than the other.
PAUP* offers two methods that I used for testing the topological support for
phylogenetic trees. The first is a search where a portion of a tree is constrained. I used
constrained searches to test the branching order for the primary clades in my trees: I
constrained the topology within each of the clades, then performed a search and kept every
tree that was constructed. The KH Test can then determine if one branching pattern is
better than the others, and if alternate branching patterns are significantly less likely than the
best.
The backbone search is another type of constraint, and will determine where a given
taxon can branch on a tree without significantly reducing the likelihood of the tree. Some
taxa will fall in a single position on the most likely tree, but the tree may not be much less
likely if the taxa are placed in a different position. The backbone search is a simple way to
test all possible positions for a given taxon without creating and testing each tree
individually. The entire tree is constrained for this search as a backbone, minus the taxon
being tested. An exhaustive search is conducted and all trees are saved. The KH Test will
show which branching positions are not significantly less likely than the optimal position.
Specific Issues for this Project
Museum Specimens
Museum collections contain a wealth of information for both morphologists and
geneticists (Thomas 1994). These collections have been assembled over the last few
centuries, and contain species that are rare, not easily accessible, or even extinct. Museum
collections constitute an invaluable resource for countless research questions.
The use of museum specimens for genetic analyses has inherent difficulties, relating
primarily to the degraded nature of archival DNA. Despite fixation, DNA continues to
degrade over time. Archival DNA is damaged primarily by oxidation and hydrolysis
(Lindahl 1993). Oxidation of the pyrimidines (cytosine and thymidine) is the primary
complication for PCR reactions (Hoss et al. 1996). As a result of this damage, only small
stretches of DNA can be PCR amplified from most museum specimens.
The traditional method of preservation for museum specimens is formalin.
Formalin preserves tissue by crosslinking DNA and proteins to themselves and each other
(Fox et al. 1985) which is highly effective for the preservation of archival specimens. The
same cross-linking creates hydroxymethyl groups on the DNA, which interfere with the
PCR process. Additionally, much of the DNA remains tightly bound to proteins and is lost
through the DNA extraction procedure (Shedlock et al. 1997). PCR and sequencing
reactions can be successfully performed on formalin-fixed tissues, but they require special
handling and only small regions of DNA (50-500 bp) can be amplified (France & Kocher
1996, Shedlock et al. 1997).
Octocorals have traditionally been preserved in ethanol, rather than formalin,
because the formalin dissolves the calcium spicules which are used in species identification.
The absence of formalin increases the feasibility of determining longer sequences from
museum octocoral specimens. DNA extractions on recently ethanol-preserved specimens
are relatively straightforward (Kocher 1992), and I was able to extract and PCR-amplify
DNA from specimens that had been preserved up to 50 years. Chapter 2 describes the
protocol I used with the alcohol-preserved specimens.
Most of the museum specimens for which I attempted PCR reactions yielded no
PCR product after an initial PCR reaction. In order to generate sufficient PCR product for
the sequencing process, I had to perform PCR reamplifications for several specimens: an
initial PCR amplification was performed, and an aliquot of the first reaction was used as the
template for a second round of PCR. The negative control from the initial PCR reaction
was always included as the template for a negative control for the second PCR reaction.
Even using PCR reamplifications, I was only able to amplify the entire 18S gene in one
piece for one specimen. Several specimens were amplified in two or three pieces to
generate the entire 18S sequence.
The degraded nature of the archival DNA, as well as the multiple rounds of PCR
performed on each specimen, increases the likelihood that contaminant DNA rather than the
target DNA will be amplified. PCR preferentially amplifies molecules of DNA that are
intact, so a contaminant of recent origin (i.e. introduced to the specimen after it was
preserved) may be more likely amplified than the older, sample DNA. One way to increase
the chances of amplifying the target DNA is to design taxon-specific PCR primers. I
designed a suite of primers that matched the DNA of octocoral specimens for which I knew
the sequences, but not the DNA of fungi, symbionts, or other phyla of organisms that
might be found as contaminants. All sequences were compared to the GenBank database
after they were determined, to verify that they were most similar to other cnidarians and not
a potential non-Cnidarian contaminant.
Pseudogenes
An additional difficulty I encountered during this thesis work, probably relating to
the degraded nature of the museum specimens, was the amplification of pseudogenes rather
than the target 18S gene. Normally, the multiple copies of the ribosomal genes found
within each cell are assumed to be identical, resulting theoretically from concerted evolution
(Hillis & Dixon 1991). Pseudogenes are copies of ribosomal genes that are not identical to
the majority, and are also not transcribed. They are similar to the functional ribosomal gene
but are not functional themselves, and as a result, evolve neutrally. Pseudogenes have
been found in several invertebrate taxa, and have diverged from the functional copy of the
ribosomal gene. Pseudogenes found in the flatworm Dugesia were approximately 8%
different from the transcribed copies of the 18S gene, which approaches the divergence
found between families for this group (Carranza et al. 1996). This level of divergence
corresponds to the divergence found between classes and subclasses of anthozoans
(discussed in Chapter 3). Seven of the sequences that I determined from museum
specimens were most likely sequences of pseudogenes rather than the functional nuclear
18S rRNA gene. All of these putative pseudogenes clustered together in my analyses, and
they branched most closely with the Order Scleractinia (Subclass Hexacorallia) rather than
the Octocorallia to which they belonged. These specimens were excluded from my
analyses.
I encountered pseudogene sequences in determining the sequence for
Dendrobrachia paucispina. The specimen had been alcohol-preserved for eight years, and
two PCR fragments (with a 1065-bp overlap) were required to construct the entire 18S
sequence. The sequences were determined for four clones of each fragment. The clones
for the first half were all identical, but the clones for the second half were all different.
Each of the four clones were verified as cnidarian by a search of the GenBank database, but
only one of the sequences was identical to the first half of the gene, based on an
overlapping region of the two sequences. I used the clone that was identical to the first half
to complete the Dendrobrachia sequence, and hypothesized that the other sequences were
from pseudogenes. The complete sequence placed Dendrobrachia within the Octocorallia,
as expected from morphology, and not with the cluster of pseudogenes near the
Scleractinia. I am therefore relatively confident that the sequence for Dendrobrachia is real,
and not an artifact. Sequences from additional specimens of Dendrobrachia would be
necessary to verify the validity of the sequence I have generated.
Previous Molecular Studies
Molecular studies of the Anthozoa are few, but they have given us some insight into
the questions I address with this thesis. These studies have examined a variety of
ribosomal genes, including the mitochondrial 16S rRNA gene (France et al. 1996), the
nuclear 28S rRNA gene (Chen et al. 1995), and the nuclear 18S gene (Song & Won 1997).
They examine the subclass divisions within the Anthozoa and the ordinal divisions within
the Hexacorallia and the Octocorallia, but do not address the phylogenetic affinities of
Dactylanthus or Dendrobrachia. All of these studies used general parsimony or distance
methods rather than the more accurate maximum likelihood methods. None of these
studies have the breadth of taxonomic sampling that this study does, and all of them use
partial gene sequences. But these studies offer both support for, and alternate hypotheses
to, what I have found in my thesis work.
Mitochondrial 16S (France et al. 1996) and nuclear 18S (Song & Won 1997)
sequence information have both indicated that the Ceriantharia and the Antipatharia, united
within the Subclass Ceriantipatharia, are genetically divergent from one another. The
nuclear 18S analyses indicated that the Ceriantharia are ancestral to all other Anthozoa, and
the Antipatharia have affinities within the Hexacorallia. Mitochondrial DNA supported that
the Antipatharia branch within the Hexacorallia, but indicated that the Ceriantharia were
ancestral to the Hexacorallia rather than the entire Anthozoa. Neither study had complete
taxonomic representation of the orders in the Hexacorallia to determine the specific
affinities of the Antipatharia. My thesis work included representatives of all of the orders
within the Hexacorallia, and therefore I could generate a more complete analysis of the
subclass divisions within the Anthozoa.
The ordinal-level divisions within the Hexacorallia are supported by mitochondrial
rDNA (France et al. 1996) and 18S rDNA (Song & Won 1997), but not entirely by 28S
rDNA (Chen et al. 1995). The Scleractinia were monophyletic in Chen et al.'s analyses,
but both the Actiniaria and Corallimorpharia were polyphyletic. Chen et al. used very short
sequences, however, which may have affected the results they found. I have included over
1600 bp of sequence information spanning the entire 18S rRNA gene for my analyses.
Molecular information is not as available for addressing the divisions within the
Octocorallia. The France et al. study (1996) is the most thorough so far, including
representatives from the Pennatulacea, and 16 species from 10 families within the
Alcyonacea. Mitochondrial DNA sequences do not indicate a correlation between
phylogenetic structure and traditional taxonomy within the Octocorallia. The analyses of
Song and Won (1997) did not disagree with the current taxonomy, but they include only a
single pennatulacean and four species from two families of the Alcyonacea. Both studies
did, however, find the Pennatulacea to be ancestral within the Octocorallia. My thesis
project continues this work, including representatives of 22 families within the Order
Alcyonacea, a representative of the Order Helioporacea, and eight representatives of the
Order Pennatulacea.
Summary
The goal of this thesis project was to build the most complete molecular phylogeny
of the Anthozoa to date. A number of specific questions were addressed with this work,
relating to the taxonomic divisions within the Class Anthozoa, and within the subclasses
Hexacorallia, Octocorallia, and Ceriantipatharia:
* Does genetic information support division of the Class Anthozoa into two
subclasses or three? Is the association of the Ceriantharia and the Antipatharia in
the Subclass Ceriantipatharia valid, based on evolutionary history?
* Does genetic sequence information support the division of the Subclass
Octocorallia into three orders or seven? Do the traditional morphological
divisions correspond to the phylogenetic divisions I find?
* Are the Ptychodactiaria deserving of ordinal distinction separate from the
Actiniaria within the Hexacorallia?
* Is Dendrobrachia affiliated with the Antipatharia, with which it was previously
classified? Or is it more closely related to the Octocorallia, as indicated by polyp
morphology?
* Which morphological characters appear to provide evolutionary information?
Which characters clearly do not?
In order to address these questions, I determined the nuclear 18S rDNA sequences
from 58 species across the Class Anthozoa. I included 12 previously sequenced
anthozoans, available from the GenBank database, as well. This sampling scheme gave me
representatives from across the morphological breadth of the entire class. I used the
complete 18S sequence, and conducted my phylogenetic analyses using maximum
likelihood techniques. ML allowed me to tailor the evolutionary model I used to be
appropriate for this particular gene and this group of species. I also used ML techniques to
compare alternate evolutionary hypotheses statistically, and thereby test hypotheses
suggested in previous molecular studies.
This thesis project further developed techniques for utilizing ethanol-preserved
museum specimens for DNA sequence analyses. DNA extraction and PCR amplification
of recently-preserved (i.e. 1-2 years) specimens is routinely practiced in many laboratories,
but this is not true for long-preserved (i.e. 10-50 years) specimens. DNA can be
successfully extracted and PCR amplified from recently preserved specimens, but archival
specimens require special handling and protocols. Chapter 2 describes the techniques that
were successful for determining DNA sequences from museum specimens of octocorals.
Knowledge of how species evolve is essential to our understanding of the natural
world. The species that are on the Earth today are the direct result of millions of years of
evolutionary change, and that evolution is continuing. The taxonomic divisions within the
Anthozoa are difficult to determine using only morphological characters, as anthozoans are
some of the simplest invertebrate species. The addition of molecular characters gives us a
common character to compare across all species within the class, and which can also be
compared to other invertebrate taxa.
Anthozoans are a very important group of taxa from an ecological view. Species of
anthozoans can be found everywhere throughout the ocean, from the shallow intertidal to
the deep sea. Species in the Order Scleractinia create the foundation for the coral reef
ecosystem, which is highly complex and very fragile. Members of both the Subclass
Octocorallia and Hexacorallia are also prominent on reef ecosystems. A better
understanding of how these species are related to each other and how they change over time
may help us conserve these delicate environments for years to come.
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Abstract
Museum collections of preserved flora and fauna historically used for
morphological studies are now increasingly being utilized for addressing genetic questions.
The extraction of DNA from ethanol-preserved specimens of recent origin is practiced
routinely, but genetic analyses of long-preserved specimens have inherent difficulties due
to the slow degradation of DNA. The goal of this study was to demonstrate the feasibility
of isolating genomic DNA from museum specimens of octocorals with subsequent
amplification of the 18S rRNA gene. Techniques were designed to solve several problems
for obtaining genetic sequences from museum specimens. The DNA extractions of
museum specimens yielded only small amounts of DNA of very low molecular weight,
which limits the length of Polymerase Chain Reaction (PCR) products that can be generated
with standard protocols. I was successful in producing PCR fragments from museum
specimens by performing an extended tissue digestion on the archival specimens, running
an initial PCR reaction, and then following with a reamplification of the original PCR
product. The use of taxon-specific PCR primers decreased the risk of amplifying
contaminant DNA rather than the target DNA in archival specimens. The combination of
our modified extraction protocol and PCR reamplifications with taxon-specific PCR
primers allowed me to generate 700- to 1800-basepair sequences from 16 specimens from
three different museum collections that had been preserved for up to fifty years.
Introduction
Scientists and lay persons have contributed specimens to museum collections
world-wide for well over one hundred years, creating a highly useful resource for
investigators today. Many of these specimens have been collected during expeditions,
while others have been collected incidentally in the course of other pursuits. These
preserved specimens can be used to address a variety of questions.
Museum collections have been, and continue to be, used extensively for
morphological studies, but development of techniques utilizing the Polymerase Chain
Reaction (PCR) have increased the potential value of museum collections for investigating
genetic questions. The molecular analysis of archival specimens can lend insight not only
into evolutionary or phylogenetic investigations among taxa, but also for questions of gene
flow within species. Changes in allelic frequencies can be traced through time or across
geographic areas (Kocher 1992, Thomas 1994). Such allelic changes may indicate levels
of genetic variation within species, changes in genetic variation over time, hybridization
events between species, or range expansions or contractions. Museum specimens can also
supply genetic information for species that have recently become extinct or are currently
endangered (Thomas 1994).
Extracted DNA from fresh or frozen tissue is of considerably higher molecular
weight compared to that from preserved specimens. Therefore, genetic analyses are easier
to conduct using fresh or frozen tissue; however, the use of preserved specimens is
preferable in many cases. Collection of fresh samples from rare species or those with small
population sizes is usually inappropriate or impossible. Many species live in remote
habitats that are highly inaccessible, and require great expense for sample collection. The
use of existing collections in these cases are preferable to the acquisition of new specimens
(France and Kocher 1996).
Museum specimens have been subjected to variable handling and preservation
techniques. The type of preservative used, the speed with which a sample is preserved,
and the subsequent methods by which a sample is handled will have a large effect on the
resulting condition of the DNA. The handling will determine, in part, the utility of a
specimen for a given research question. Cryogenic preservation is often preferable for
genetic studies as liquid nitrogen maximizes DNA extraction yields. Liquid nitrogen,
however, was not available historically, and currently is not always available in all localities
or field conditions. A number of alternative preservation techniques have been employed,
including drying, the use of various alcohols, formaldehyde, mannitol-sucrose buffer with
EDTA, and guanidine hydrochloride (Dessauer et al. 1996).
Most museum specimens have been dried or preserved in formalin and the latter
transferred to ethanol for long-term storage. Formalin preservation cross-links molecules
of proteins and nucleic acids to themselves and to each other (Fox et al. 1985).
Hydroxymethyl groups are also formed on the DNA molecules (Chang and Loew 1994).
The tight crosslinking of DNA to proteins is problematic for DNA extraction procedures, as
much of the DNA is thereby lost into the organic phase of the phenol extraction procedure
(Shedlock et al. 1997). The methylation can interfere with PCR replication by impeding
primer annealing as well as derailing the DNA polymerase during the extension phase
(Karlsen et al. 1994). Protocols have been developed for successfully obtaining sequence
from formalin-preserved specimens, in which the preserved specimen is soaked in buffer
followed by extended periods of digestion with proteinase K which permits the DNA to
dissociate from the protein complexes. PCR replication of formalin-fixed tissues remains
difficult, however, and PCR amplification is only possible for short (i.e. 50-300 bp, and
rarely 500-600 bp) stretches of formalin-fixed DNA (France and Kocher 1996; Shedlock et
al. 1997).
Museum collections of octocoral specimens are unusual in that they are often
preserved initially in ethanol rather than formalin, because formalin dissolves the calcareous
spicules that are used in species identification. The decreased likelihood of the use of
formalin in the preservation and storage of octocorals increases the feasibility of the DNA
isolation process greatly. The extraction of DNA from recently (i.e. a few months or years)
ethanol-preserved specimens is now practiced routinely in a number of laboratories (e.g.
Smith et al. 1987; Kawasaki 1990; Meyer et al. 1990; Wheeler et al. 1993). Unlike
formalin, ethanol does not cross-link proteins, but it is less efficient as a tissue
preservative. Several studies have documented the degradation of DNA over time in
ethanol-preserved specimens (e.g. Post et al. 1993; Flournoy et al. 1996). Specimens
stored in ethanol at lower temperatures tend to preserve better (Post et al. 1993; Hoss et al.
1996), and PCR amplifications of shorter lengths of DNA are typically more successful
than longer lengths in older samples. Very few studies have been published based on
obtaining genetic information from specimens preserved in ethanol for longer than a few
years.
Genetic analyses of long-preserved specimens have inherent difficulties, due to the
slow degradation of DNA in the presence of a fixative. The DNA damage that occurs in
preserved samples is primarily due to oxidation and hydrolysis (Lindahl 1993). The
damage that is the most detrimental to the performance of genetic analyses includes
modifications to the pyrimidines, cross-linking between molecules, and missing bases
(Paabo 1989). Oxidative modifications to purines, however, do not seem to affect the
ability to generate sequences from preserved materials (Hoss et al. 1996). These types of
modifications will particularly hinder the successful direct cloning of ancient DNA, because
damaged DNA will not be copied by the bacterial replicative process. In the event that
cloning is successful, however, often the bacterial replication process will repair any
damage it perceives, thereby introducing error into the sequence (Paabo et al. 1989).
PCR is also hindered by damaged DNA, but offers two unique advantages when
working with ancient DNA. First, the PCR will preferentially amplify the DNA molecules
that remain intact, because the DNA polymerase will move more slowly over damaged
regions (Paabo et al. 1989). Additionally, any modified DNA strand that is replicated will
be unlikely to have a sizable effect on the resulting genetic sequence unless it is replicated
early in the PCR process. If a damaged strand does get replicated early on, however, the
genetic sequence that results will be influenced more substantially by those damaged
regions.
Another difficulty in using archival specimens for genetic analysis is the increased
possibility that contaminating DNA will amplify rather than the target DNA, which may be
degraded and in low concentrations (Paabo 1990). The amplification of contaminating
DNA is rarely a significant problem when using fresh or frozen tissue, as fresh DNA
extractions yield large quantities of non-degraded DNA, and concentration of the target
DNA usually far exceeds any that of any contaminating DNA. Museum specimens may
contain trace DNA not only from symbionts or epibionts, fungi and bacteria, which can be
introduced both before or after preservation. Contaminating DNA of modem origin will
likely be less degraded than the ancient target DNA, and may be more readily amplified in
the PCR process. Even if the contaminating DNA is degraded, there is still a chance it will
be amplified instead of, or along with, the target DNA. Extreme caution must be taken
when working with archival specimens to avoid amplifying contaminant DNA. One
method which can be effective in eliminating the amplification of contaminating DNA is the
use of taxon-specific PCR primers. Specific primers are designed using regions of the
target DNA that are characteristic of the target but not of potential contaminants. A well-
designed specific primer will preferentially amplify the target DNA to the exclusion of
extraneous DNA.
Complete sequences for the 18S rRNA gene were desired for a companion study on
the phylogeny of the Class Anthozoa, and in particular the Subclass Octocorallia (Berntson
et al. in prep). Because many of the specimens for this study had been preserved for up to
fifty years and their DNA was potentially highly degraded, standard DNA extraction and
PCR techniques proved unsuccessful. Museum collections were essential to this
phylogeny project as many octocoral species, including entire families, are found
exclusively in the deep sea. Fresh specimens of these species are accessible only by
submersibles or dredging, and it was not feasible to collect new specimens of all the
necessary species.
There were two primary goals of this study: 1) to develop a technique for the
isolation of DNA from preserved material, yielding as large quantities of nondegraded
DNA as possible, and 2) to PCR amplify the 18S rRNA gene from the isolated genomic
DNA in fragments greater than 500 bp in length, with the ultimate purpose of determining
the DNA sequence of the complete 18S rRNA gene from the preserved octocoral
specimens. The use of a modified DNA extraction protocol combined with taxon-specific
PCR primers described herein have allowed us to accomplish these goals.
Methods
Specimens
Specimens for this study were acquired from Dr. Frederick Bayer of the National
Museum of Natural History, Dr. Wolfgang Sterrer of the Bermuda Aquarium, Natural
History Museum and Zoo, and Ardis Johnston of the Harvard Museum for Comparative
Zoology. These specimens had been stored in ethanol for periods ranging from two to 50
years.
DNA Extraction Protocol
The extraction protocols I used was similar to those described by Coffroth et al.
(1992) and Winnepenninckx et al. (1993). My deviations from their protocols consisted
primarily of a lower temperature and longer duration for the proteinase K digestion. The
extraction buffer included 1.4M NaCl, 0.02M EDTA, 0.1M Tris-HCI (pH 8.0), 2%
cetyltrimethylammonium bromide (CTAB) (Sigma Chemical Co.), and 0.2% beta-
mercaptoethanol (Sigma Chemical Co.). This buffer is particularly effective at removing
polysaccharides that are abundant in coral tissues, and which can interfere with DNA
extraction. General CTAB-based protocols have been described for use with a variety of
invertebrate taxa, including algae, molluscs, ctenophores, and brachiopods (Karl and
Bailiff 1989; Shivji, Rogers et al. 1992; Winnepenninckx, Backeljau et al. 1993).
Five to ten polyps of the ethanol-preserved octocorals were placed on ice in two to
ten mis 2X CTAB buffer for two to 24 hours, with the buffer replaced several times during
this period. The buffer was removed, and the tissue minced finely with a razor blade and
placed in a 1.5-ml eppendorf tube with 300 gl of 2X CTAB buffer. A plastic dounce was
employed to further shear the tissue, and an additional 300 gl of 2X CTAB was added.
The samples were placed at 55 0 C and digested with 5 pl of proteinase K (at 20 mg/ml) for
approximately 24 hours, with periodic agitation. Another 5 pl of proteinase K was added,
and the tissues continued to digest for an additional eight to twelve hours. The tissues were
extracted once with an equal volume of 24:1 chloroform:isoamyl alcohol, and precipitated
in two volumes of cold 95% ethanol at -20 0 C overnight. The tubes were centrifuged at
10,000xg for 30 minutes, and the ethanol was removed. The pellets were washed with
500 gl cold 70% ethanol, and the tubes were centrifuged at 7,000xg for 15 minutes. The
ethanol was removed, and the pellets dried at room temperature. The pellets were
resuspended in 50 gl of TE buffer and placed at 40 C for three to four hours before
visualization on an agarose gel.
DNA Amplification Protocols
Pipet tips with a filter barrier were used throughout this process to guard against
contamination of the reactions. Negative controls were included during the DNA
extractions and PCR reactions to detect contamination if it did occur. Each extracted DNA
sample was diluted 1:10 in TE buffer (10 mM Tris-HCl--pH 8.0, 1 mM EDTA--pH 8.0),
and 2 gl of that dilution was used in a 50-gl PCR reaction. Modified versions of the
universal eukaryotic primers A and B from Medlin et al. (1988) (Table 1) were used in the
initial DNA amplifications of the 18S rRNA gene. These primers amplify the entire
anthozoan nuclear 18S rRNA gene, a fragment which we found to be approximately 1800
bp in length in anthozoans. Thirty-five cycles of PCR were carried out in a Perkin-Elmer
Thermocycler 480. The DNA was denatured at 94C for 45 seconds, the primers and
template were annealed at 55C for one minute, and the original DNA strand was extended
at 72°C for 90 seconds. These cycles were followed by a five-minute extension at 72oC.
The product was run on a 1% agarose gel. If there was a visible product, that product was
prepared for TA-cloning.
For those specimens with no visible product, a second PCR reaction was conducted
using 1 gl of product from the initial PCR reaction as the template. The amplified negative
control (no DNA was added) from the initial PCR reaction was included in the second
reaction as well, using 1 gl of the original negative control as template. The primers used
for the second PCR reaction were chosen from those listed in Table 1, with at least one
primer falling internally to the initial A and B primers. The internal primers were selected
from a combination of universal eukaryotic primers and a set of octocoral-specific primers
that were designed by us (Table 1). The octocoral-specific primers were designed to
amplify anthozoan DNA, but not DNA from potential contaminants. The octocoral-specific
primers were designed from alignments of Genbank sequences of actiniarians (Anemonia
sulcata, Genbank accession #X53498, and Anthopleura kurogane, accession #Z21671),
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Table 1 PCR primers used for primary and secondary amplifications of
DNA from octocoral specimens. The octocoral-specific
primers were designed for phylogenetic studies of the Subclass
Octocorallia (described in Berntson et al. in prep.). Primer
numbers refer to position in prokaryotic small-subunit
ribosomal DNA.
Primer Specificity Sequence Reference
A (F)* Univ. Euk. 5' AACCTGGTTGATCCTGCCAGT 3' Medlin et al. (1988)
B (R)** Univ. Euk. 5' TGATCCTTCTGCAGGTTCACCTAC 3' Medlin et al. (1988)
514F Univ. Euk. 5' GTGCCAGCMGCCGCGG 3' Elwood et al. (1985)
536R Univ. Euk. 5' WATTACCGCGGCKGCTG 3' Lane et al. (1985)
1055F Univ. Euk. 5' GGTGGTGCATGGCCG 3' Elwood et al. (1985)
1055R Univ. Euk. 5' CGGCCATGCACCACC 3' Elwood et al. (1985)
373F Univ. Euk. 5' GATTCCGGAGAGGGAGCCT 3' Weekers et al. (1994)
1200R Univ. Euk. 5' GGGCATCACAGACCTG 3' Weekers et al. (1994)
705F Octocoral 5' GGTCAGCCGTAAGGTTT 3' present study
705R Octocoral 5' CATACCTTTCGGCTGACC 3' present study
900F Octocoral 5' GTTGGTTTTTTGAACCGAAG 3' present study
900R Euk. 5' CTTCGGTTCTAGAAACCAAC 3' present study
1560R Octocoral 5' GGTGAAGGAGTTACTCGATG 3' present study
*F sequences prime in the 5' -> 3' direction
**R sequences prime in the 3' -> 5' direction
two fungi (Cryptococcus neoformans, accession #L05428, and Bullera unica, accession
#D78330), potential epibionts from Mollusca and Crustacea (Mytilus galloprovincialis,
accession #L33451, and Stenocypris major, accession #Z22850), and a zooxanthella
symbiont (Symbiodinium sp., accession #M88509). Octocoral sequences derived from
frozen tissue in this lab (Renilla reniformis accession #AF052581, Narella nuttingi
accession #AF052882, and Anthomastus sp. accession #AF052881) were verified as
cnidarian through a BLAST search of GenBank and were also used in the primer design.
Final DNA sequences were verified as cnidarian by a BLAST search of Genbank.
The specific primer pair combinations were selected to 1) amplify the largest region
of the 18S gene possible for each specimen, and 2) include at least one octocoral-specific
primer for one of the PCR reactions, reducing the probability of amplifying contaminating
DNA. A diagram of the PCR primers used can be found in Fig. 1. If the initial PCR
attempts were unsuccessful using primers A and B, a reamplification using internal primers
was performed. If this was unsuccessful as well, I began anew with the initial 1:10 diluted
DNA extract, and used PCR primers flanking a smaller genomic region. For example, an
initial amplification would target the region flanked by primers A and 705R, and then the
re-amplification would use primers A and 536R. The smallest fragment attempted for DNA
sequence determination was approximately one third of the entire gene.
DNA Cloning and Sequencing Protocols
The final PCR product was cloned using the Original TA Cloning Kit (Invitrogen
Corporation). The PCR product was ligated into the pCR 2.1 cloning vector, then
transformed into a strain of INVaF' cells following the manufacturer's protocol. The
plasmid DNA was isolated from individual clones using the Wizard Miniprep DNA
Purification Kit (Promega Corporation) and subsequently used as a template for a cycle
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(Epicentre Technologies). Sequences were determined for both the forward and reverse
strands of the gene. The reactions were run on a LI-COR 4000 DNA Sequencer, using the
infrared-labeled primers shown in Table 2. The resulting images were interpreted using the
Biolmage gel reader program.
Negative Controls
I performed several controls throughout my work to detect any potential
contamination. A negative extraction (no tissue added) was performed with the DNA
extraction protocol. Negative controls (no DNA template added) were included with each
primary and secondary PCR reaction. As one additional control, one frozen specimen and
one ethanol-preserved specimen were chosen for re-extraction and re-determination of the
DNA sequence to verify our ability to replicate the complete process. In each case, I found
very good internal consistency. There were no sequence differences between the replicates
for the frozen specimen (Protoptilum sp.), and there was a 0.11% error rate, corresponding
to 2 base changes over 1800 bp total for the ethanol-preserved specimen (Umbellula sp.
USNM 54597) (Table 4).
Results
DNA extractions from tissues of ethanol-preserved museum specimens typically
yielded small amounts of DNA that could rarely be detected on an agarose gel (Fig. 2, lanes
4 and 5). If DNA could be detected, it was of lower molecular weight than extractions of
fresh tissue (Fig. 2, lane 3). My initial PCR amplification of the 1800-bp 18S rRNA gene
from these extractions likewise did not yield visible product in the majority of museum
specimens I examined. In some instances I was successful in amplifying smaller fragments






*F sequences prime in the 5' -> 3' direction
**R sequences prime in the 3' -> 5' direction
Primer Sequence
M13F* 5' CACGACGTTGTAAAACGAC 3'
M13R** 5' GAATAACAATTTCACACAGG 3'
A (F) 5' ACCTGGTTGATCCTGCC 3'
B (R) 5' CTTCTGCAGGTTCACCTAC 3'
514F 5' TCTGGTGCCAGCASCCGCGG 3'
536R 5' TGGWATTACCGCGGSTGCTG 3'
1055F 5' GTGGTGGTGCATGGCCG 3'
1055R 5' AAGAACGGCCATGCACCAC 3'




Fig. 2 Products of DNA extractions of museum specimens, initial PCR
reactions, and secondary PCR reactions. Lanes are as follows:
1) blank; 2) 1-Kb ladder (Gibco BRL); 3) 5 gl of Palythoa
variabilis DNA extraction, tissue frozen; 4) 5 gl of
Dendrobrachia paucispina DNA extraction, tissue preserved in
ethanol 8 years; 5) 5 gl of Nidalia occidentalis DNA extraction,
tissue preserved in ethanol 13 years; 6) Initial PCR reaction of
Palythoa variabilis with primers A and B; 7) Initial PCR
reaction of D. paucispina with primers A and B; 8) Initial PCR
reaction of N. occidentalis with primers A and B;
9) Secondary PCR reaction of D. paucispina with primers A
and 1200R; 10) Secondary PCR reaction of N. occidentalis with
primers A and 1200R; 11) Secondary PCR reaction of negative
control from primary PCR reaction, with primers A and
1200R; 12) Negative control from secondary PCR reaction with
primers A and 1200R; 13) 1-Kb ladder (Gibco BRL);
14) blank.
single PCR reaction was unsuccessful, I performed a second PCR reaction using internal
primers and the first PCR product as template (Fig. 2). The smallest fragment size I chose
to amplify ranged from 500 to 700 bp.
The quality of DNA extracted from different museum specimens was evaluated
based on the intensity of the DNA fragment as visualized on an agarose gel stained with
ethidium bromide. This quality was highly variable, with no apparent correlation between
the length of PCR product produced and the length of preservation time. I amplified 700-
bp fragments from one specimen that had been preserved for 50 years, but was unable to
amplify the same fragment from a specimen that had been preserved for nine years. Table
3 summarizes the results of DNA extractions and amplifications from the museum
specimens. I did not perform PCR reamplifications on all samples, as I concentrated on
those species I deemed phylogenetically important for our objectives. Archival specimens
of those species for which fresh or recently preserved tissue became available were
abandoned if PCR products were not readily produced. The variable success rate that I
experienced in producing PCR products may have resulted from inconsistent handling of
the specimens at the time of collection. This inconsistency may include preservation in
formalin with subsequent transfer to alcohol. Such information is not always available for
museum specimens.
I noted occasional nucleotide sequence variation within an individual specimen,
both in overlapping regions of fragments produced in different PCR reactions and in
pooled clones from the same PCR reaction. These base differences were found in most,
but not in every one of the museum specimens (13 out of 15). The base differences I
found consisted of simple substitutions, with only one instance of an insertion (four bp in
Dendrobrachia paucispina). The resulting error was low (Table 4), usually less than 1%.
This rate of error would apply to the remainder of the gene proportionally, not just to the
Table 3 Summary of results from all museum specimens. Specimens
are from the National Museum of Natural History collections
unless otherwise noted. Those specimens for which DNA
sequences were generated are listed with the primer pairs used
for the amplification reactions. Multiple primer pairs were
used for those specimens that could not be amplified in one
piece. If contaminant sequences were generated, the type of
contaminant is identified. Specimens that yielded only
contaminant sequences are noted with an asterisk. The
specimens that did not generate sequences are also listed.
PCR reamplifications were not attempted on all specimens as I
concentrated on those species of greatest phylogenetic
importance to my study. The most stringent attempt made for
each specimen is noted.
a: Harvard Museum of Comparative Zoology
b: Bermuda Aquarium, Natural History Museum and Zoo
c: Specimen was dried.
d: Specimen was abandoned when alternate specimens
became available.
e: Sequence produced was a pseudogene or chimera.
Cnidarian
Date Sequences Initial PCR
Species Specimen # Preserved Generated Amplifications PCR Reamplifications Contaminant Found
Tubipora musica USNM 79459 1947 yes A/536R, 514F/1055R Not Required (N/R) algal
1055F/B
Carioa rilsel USNM 49691 1950 nod
Hellopora coerulea not cataloged 1953 no* fungal/cnidarian
Ifalukella yanil USNM 51521 1953 no* fungal/cnidarian
Pachyclavularia violacea USNM 79630 1953 no A/536R
Brareum stechei USNM 50857 1954 no A/B 900F/B
Clavularla koellikeri USNM 75090 1955 no A/536R
Umbellula sp. USNM 97918 1961 no A/B 900F/B
Keroeides koreni USNM 83605 1964 no A/705R A/536R
Eunicella albatrossi USNM 57212 1965 no A/536R
Keratolsis sp. USNM 57283 1965 no d
Rhodelinda gardineri USNM 60217 1965 no A/1200R A/536R
Alcyonium palmatum USNM 57131 1967 no A/536R
Bellonella rubristella USNM 55382 1968 no* algal/fungal
Siphonogorqia sp. USNM 55582 1968 yes funga
Solenopodium sp. USNM 55664 1968 nod
Chrysogorgla spiculosa USNM 52854 1969 no* fungal
Thelogorgia stellata USNM 55443 1970 no* fungal
Riisea paniculata USNM 93934 1971 yes A/1 200 A/536R fungal
Umbellula sp. USNM 54656 1971 yes A/B A/900R, 900F/B
Stephanogorgia wainwrighti USNM 54056 1972 nod
Umbellula sp." N/A 1972 yes A/B 900F/B
Bellonella indica USNM 58498 1973 nod
Melithaea ochracea USNM 58590 1973 no A/536R
Siphonogorgia (Chironephthya) sp. USNM 58584 1973 yes A/900R, 705F/1200R A/705R, 705F/1055R
900F/B 900F/B
Siphonogorola godeffroyi USNM 58581 1973 no A/705R A/536R
Umbellula thomsonil USNM 58994 1973 no A/B 900F/B
Talaroa tauhou USNM 54271 1974 yes A/536R, 514F/1055R N/R
1055F/B
Umbellula sp. USNM 54597 1974 yes A/B N/R
Acanthogorgia armata USNM 55837 1975 no* fungal
Australisis sarmentosa USNM 78370 1975 no* fungal/protozoan
Briareum asbestinum USNM 59051 1975 no A/536R
Renila reniformis USNM 57404 1975 no A/536R
Stereonephthya unicolor USNM 81528 1975 no* algal/yeast
Plumigorgla astroplethes USNM 76298 1976 yes le
Nidalia occidentalis b 19-011-01 1977 yes A/B, 900F/B A/1200R, 1055F/B
Cnidarian
Date Sequences Initial PCR PCR Reamplifications
Species Specimen # Preserved Generated Amplifications Required Contaminant Found
Xenia sp. USNM 79620 1978 no A/536R
Leptogorgia virgulata USNM 88494 1981 no* fungal/plant
Nicella quadalupensis USNM 73722 1981 no A/B 900F/B
Telesto fruticulosa USNM 61122 1981 yes A/B A/900R, 900F/B
Titaniduem frauenfeldii USNM 88222 1981 no A/1200R A/536R
Carijoa risei USNM 86021 1982 no A/B 900F/B
Coelogorgia palmosa USNM 75637 1983 yes A/705R A/536R fungal/bivalve
Nidalia occidentalis USNM 74730 1983 nod
Plexaurella nutans USNM 84101 1983 nod
Telesto fruticulosa USNM 88959 1983 no* bivalve
Gorgonia ventalina USNM 88767 1984 yes symbiont/fungale
Junceella racemosa USNM 92412 1984 yes A/B N/R
Subergorgia suberosa USNM 75340 1984 no* bivalve/fungal/cnidarian
unidentified sp. unidentified 1984 no* bivalve
Clavularia modesta USNM 79765 1985 no A/705R
Eunicea laciniata USNM 73614 1985 yes A/B A/1200R, 373F/B
Isis hippuris USNM 80861 1985 no A/536R
Melitella sp.a  N/A 1985 yes A/705R, 705F/1200R 705F/1055R, 900F/B bivalve
A/B
Orstomisis crosnieri USNM 84774 1985 yes A/B, 373F/B A/1200R
Metallogorgia sp. USNM 89377 1986 no* fungal/algal
Heliopora coerulea USNM 79529 1987 yes 373F/B, A/705R, 514F/1055R, A/536R,
900F/B 1055F/B
Pennatula grandis USNM 79776 1987 no
d
Solenopodium excavatum USNM 88852 1987 no* fungal/bacterial
Nicella obesa USNM 84332 1988 no A/536R
Dendrobrachia paucispina USNM 97768 1989 yes A/B A/1200R, 373F/B fungal
Junceella gemmacea USNM 87607 1989 no A/B 900F/B
Epiphaxum breve c USNM 91942 1990 yes A/705R, 900F/B A/536R, 1055F/B bacterial/algal
Plumigorgia hydroides a N/A 1992 yes 373F/1560R, 900F/B 514F/1055R, 1055F/B
Calcigorgia spiculifera not cataloged 1994 yes A/B N/R
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Table 4 Error rates found in sequences of museum specimens, as seen
in the pooling of multiple clones from the same PCR reaction,
and overlapping fragments produced from different PCR
reactions. (Note: the forward and reverse strands of a single
clone and a single fragment showed no sequence differences.)
The species listed here are the only museum specimens for
which there were overlapping regions or pooled clones.
a: Error rate within a single PCR reaction as detected from
pooling multiple clones.
b: Error rate between PCR reactions as detected in
fragments shared by overlapping clones.
Specimen ID Number Date Size of pooled Number of Number of Resulting
Preserved clones (bp) Transitions Transversions Error (%)
Umbellula sp. USNM 54656 1971 505, 422 3 2 0.54
Siphonogorgia (Chironephthya) sp USNM 58584 1973 620, 660 6 2 0.63
Nidalia occidentalis 09-011-01 1977 531, 1430 7 0 0.36
Telesto fruticulosa USNM 61122 1981 505, 265 1 0 0.13
Junceella racemosa USNM 92412 1984 505, 545 8 0 0.76
Melitella sp. MCZ 1985 694, 628 9 2 0.83
Heliopora coerulea USNM 79529 1987 603, 533, 758 17 6 1.21
Dendrobrachia paucispina USNM 97768 1989 865 1 1 0.23
Epiphaxum breve USNM 91942 1990 530 1 0 0.19
Plumigorgia hydroides MCZ 1992 710, 525 4 0 0.32
Calcigorgia spiculifera USNM not cat. 1994 910 0 0 0.00
Specimen ID Number Date Length of Number of Number of % Error in
Preserved Overlap (bp) Transitions Transversions Overlap
Siphonogorgia sp. USNM 55582 1968 459 20 7 5.88
Siphonogorgia (Chironephthya) sp USNM 58584 1973 450 2 0 0.44
Umbellula sp. USNM 54597 1974 1800* 0 2 0.11
Nidalia occidentalis 09-011-01 1977 175 0 0 0.00
Junceella racemosa USNM 92412 1984 507 0 2 0.39
Orstomisis crosnieri USNM 84774 1985 985 1 1 0.20
Eunicea laciniata USNM 73614 1985 1015 1 0 0.10
Melitella sp. MCZ 1985 445 0 2 0.45
Dendrobrachia paucispina USNM 97768 1989 1069 0 1 0.01
Protoptilum sp. USNM 1993 1800* 0 0 0.00
Calcigorgia spiculifera USNM not cat. 1994 448 2 1 0.67
* Comparing results of replicate extractions of same initial specimen
regions containing these overlaps. The one sequence that showed a high rate of PCR error
(5.88% in Siphonogorgia sp.) was not used in subsequent phylogenetic analyses.
Several initial attempts at obtaining DNA sequences from museum specimens using
universal eukaryotic primers yielded non-cnidarian sequences as indicated through BLAST
searches. The contaminant sequences generated were of the algal symbiont Symbiodinium
sp. and other algal species, various fungi, and occasionally bivalve mollusks and
crustaceans. These species were potential symbionts or epibionts of the coral specimens
we were analyzing. The use of taxon-specific PCR primers eliminated the amplification of
contaminant DNA completely.
Discussion
The protocol outlined here has been successful for generating sequence information
from museum specimens preserved up to fifty years. Most genomic DNA extractions from
ethanol-preserved specimens were partially degraded, and two rounds of PCR
amplifications were required to generate sufficient PCR product for further analyses. The
probability of obtaining DNA sequences from contaminant DNA rather than target DNA
was significant without the use of taxon-specific primers. The problem of generating non-
Cnidarian sequences was eliminated when taxon-specific primers were used in at least one
of the two PCR reactions.
A major concern I had with the use of archival specimens was the occasional
differences found in overlapping regions of sequence within the same individual. Taq
DNA polymerase has an inherent rate of error associated with it, which may account for
some, if not all, of the replication error observed. Two estimations of the rate of error
connected with the use of Taq polymerase are 8.0 x 10-6 (errors per base per PCR cycle)
(Cline et al. 1996) and 2.1 x 10-4 (Keohavong and Thilly 1989). These error rates applied
to the 18S rRNA gene of anthozoans, translate to 0.028%-0.735% error in 35 replication
cycles over the entire gene. For those specimens that were reamplified, the estimated error
rate would be 0.056%-1.47% over 70 replication cycles. Only one of the museum
specimens exhibited error rates greater than these (5.88% for Siphonogorgia sp.). The
increased error rate for this specimens may have been due to the presence of damaged
DNA. Although the activity of DNA polymerases is slowed by the presence of damaged
DNA, particularly at baseless sites, minor lesions such as deaminated bases can produce
replication errors without slowing the replication process greatly (Paabo 1989). Therefore,
DNA with minor damage will be amplified at the same rate as undamaged DNA. Direct-
sequencing of total PCR products will reduce the influence of either type of replication
error on the final DNA sequence, since any errors introduced after all but the first rounds of
PCR will be evident as ambiguities (Hillis et al. 1996).
PCR amplifications of archival, preserved specimens may not produce sufficient
PCR product for direct-sequencing techniques, and cloning of PCR products may be
necessary. Since each clone consists of a single PCR product which may contain
replication errors, the potential for generating incorrect sequences is heightened (Palumbi,
1996). This is particularly true for these archival specimens since two PCR amplifications
were necessary for obtaining DNA sequences from the majority of these samples, thereby
increasing the risk of polymerase-introduced errors. This risk makes it particularly
important to pool several clones before performing the DNA sequencing reactions; as with
determination of sequences directly from PCR products, errors will be evident as
ambiguities in the sequence (Medlin et al. 1988). The overall rate of PCR error can then be
determined for a given specimen. Depending on the taxonomic scale of phylogenetic
analysis being performed, the amount of error found may or may not be significant in the
overall analyses. Any amount of error is of concern, however, and one should be aware of
the increased chance of such errors when working with preserved specimens. This is
especially true when analyzing gene flow, as the amount of error may be greater than the
genetic signal present.
Protocols for extracting DNA from alcohol-preserved samples are readily available
in the literature (Smith et al. 1987; Palumbi et al. 1991), however, very few studies have
been published to date using archival ethanol-fixed specimens. The Smith et al. (1987)
protocol did not use samples that had been preserved longer than six years. One notable
study that used older ethanol-preserved specimens, however, was Persing et al.'s (1990)
discovery of the presence of spirochete DNA responsible for Lyme disease in ticks that had
been preserved for nearly 50 years. These ticks had been collected 30 years prior to the
first documentation of the disease in the United States. Persing et al. (1990) were
amplifying very small regions of the mitochondrial genome, however, ranging from 77-
200 bp. Fragments this small are sufficient for the detection of the Lyme Disease
spirochete genome, but are too small for reliable large-scale phylogenetic studies. The
protocol described here allows the generation of larger genomic fragments, which will be
useful in studies involving phylogenetics and gene flow, among others.
The phylogenetic analysis of octocoral species is only one of a vast number of
studies that can benefit from molecular techniques as applied to archival specimens. I
submit here a method that has been successful in generating relatively large PCR fragments
of DNA from archival, long-preserved octocoral specimens. There are some general
concerns when working with museum specimens, however. My success rate from sample
to sample was highly variable, and I did see a small but measurable incidence of PCR-
induced sequence error. One is also more likely to encounter the effects of background
contamination in the samples when working with older specimens. Despite such
difficulties, the use of protocols such as the one outlined above can facilitate the generation
of valuable genetic information from preserved museum specimens.
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Chapter 3
Phylogenetic Relationships within the Class Anthozoa (Phylum
Cnidaria) Based on Nuclear 18S rDNA Sequence Information
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Abstract
Taxonomic relationships within the corals and anemones (Phylum Cnidaria: Class
Anthozoa) are based upon few morphological characters: colony morphology and the
structure of the tentacles, gastric mesenteries, nematocysts, and skeletal axis. The
significance of any given character is debatable, and there is little fossil record available for
deriving evolutionary relationships. In this study I use complete sequences of 18S
ribosomal DNA to examine subclass-level and ordinal-level organization within the
Anthozoa. I investigate whether the traditional two-subclass system (Octocorallia,
Hexacorallia) or the current three-subclass system (Octocorallia, Hexacorallia,
Ceriantipatharia) is better supported by sequence information. I also examine the
phylogenetic affinities of the anemone-like species Dactylanthus antarcticus (Order
Ptychodactiaria) and the putative antipatharian Dendrobrachia paucispina. Thirty-eight
species were chosen to maximize the representation of morphological diversity within the
Anthozoa. Maximum likelihood techniques were employed in the analyses of these data,
using relevant models of evolution for the 18S rRNA gene. I conclude that placing the
orders Antipatharia and Ceriantharia into the Subclass Ceriantipatharia does not reflect the
evolutionary history of these orders. The Order Antipatharia is closely related to the Order
Zoanthidea within the Hexacorallia and the Order Ceriantharia appears to branch early
within the Anthozoa, but the affinities of the Ceriantharia cannot be reliably established
from these data. My data generally support the two-subclass system, although the
Ceriantharia may constitute a third subclass on their own. The Order Corallimorpharia is
likely polyphyletic, and its species are closely related to the Order Scleractinia.
Dactylanthus, also within the Hexacorallia, is allied with the anemones in the Order
Actiniaria, and their current ordinal-level designation does not appear to be justified. The
genus Dendrobrachia, originally classified within the Order Antipatharia, is closer
phylogenetically to the Subclass Octocorallia. The 18S rRNA gene may be insufficient for
establishing concrete phylogenetic hypotheses concerning the specific relationships of the
Corallimorpharia and the Ceriantharia, and the branching sequence for the orders within the
Hexacorallia. The 18S rRNA gene has sufficient phylogenetic signal, however, to
distinguish among the major groupings within the Class Anthozoa, and I can use this
information to suggest relationships for several enigmatic taxa.
Introduction
The development of taxonomic systems through traditional, morphological methods
can be problematic when the species involved have few distinguishing characters. This is
true for species within the Class Anthozoa (Phylum Cnidaria). The Class Anthozoa,
containing the stony corals, soft corals, anemones and other anemone-like species, retain
their polyp morphology throughout their life history, and lack the medusa stage found
commonly in the other classes of the phylum. The primary characters that have been used
to derive evolutionary relationships within the Anthozoa include colony morphology and
life history, tentacle shape and number, the number and arrangement of divisions within the
gastrovascular cavity (termed mesenteries or septa), nematocyst structure, and skeletal
structure. The various taxonomic arrangements have arisen from differing interpretations
of the significance of these characters (e.g. Wells & Hill 1956a, Hadzi 1963, discussed
below). As many Anthozoa lack any type of skeletal structure, there is little fossil record to
indicate evolutionary relationships among the major groups of anthozoans.
The validity of the subclass divisions within the Anthozoa has been a subject for
debate by taxonomists of both past and present times. The historical subclass divisions
within the Class Anthozoa indicate two major groupings, the Subclass Octocorallia and the
Subclass Hexacorallia (e.g. Minchin et al. 1900, Pratt 1935, Hyman 1956, Hadzi 1963).
The Subclass Octocorallia is composed of the soft corals, gorgonians, blue corals, and sea
pens. Octocorals are distinguished by their possession of eight pinnately branched
tentacles and eight complete mesenteries. Their skeletons may contain separate or fused
calcium carbonate spicules, and axes of calcium carbonate or chitin or both, and they may
be solitary or colonial (Bayer 1956, Wells & Hill 1956a). The Subclass Hexacorallia, in its
early definition, contained the remaining anthozoan species: the Actiniaria (anemones),
Corallimorpharia, Zoanthidea, Scleractinia (stony corals), Antipatharia (black corals), and
Ceriantharia (cerianthid anemones). The subclass was defined by the following
characteristics: tentacles simple or divided, but never branched; paired mesenteries, usually
in multiples of six; skeleton, if present, without free spicules in the mesoglea. Hexacorals
include both solitary or colonial forms.
A third subclass division was proposed as early as 1897, although it wasn't widely
accepted until the 1950's or 1960's. The orders Antipatharia and Ceriantharia were
removed from the Subclass Hexacorallia and placed in a new subclass, the Ceriantipatharia.
The establishment of the Subclass Ceriantipatharia was based primarily on two shared
characters between the orders Ceriantharia and Antipatharia: 1) the resemblance of the
cerianthid larva to the antipatharian adult polyp, and 2) weak and indefinite musculature
associated with the mesenteries (van Beneden 1897). Aside from the above characters,
these two orders are considered highly divergent from each other (Wells & Hill 1956b).
The Ceriantharia have a unique morphology which distinguishes them from the other
Anthozoa. They have two rings of tentacles, and numerous, mostly complete, unpaired
mesenteries (Hyman 1956). They possess a unique form of spirocysts (ptychocysts) not
present in any other order within the class (Fautin & Mariscal 1991, Rifkin 1991, Goldberg
& Taylor 1996). The Ceriantharia have been designated as most primitive within the
Hexacorallia, most deeply diverging (Hyman 1940).
The Antipatharia, placed with the Ceriantharia in the Subclass Ceriantipatharia, have
been considered to be ancestral with the cerianthids (Wells & Hill 1956a) or highly derived
(recently divergent) hexacorals (Brook 1889, Hickson 1906, Hadzi 1963). Morphological
characters suggest affinities among the Antipatharia, Zoanthidea and Actiniaria. All three
orders share a type of nematocyst, a microbasic b-mastigophore, which is rare or absent in
the other orders of the Anthozoa (Picken & Skaer 1966). Antipatharians, zoanthids, and
the Subtribe Endomyaria of the Actiniaria share a common sperm morphology, which is
not found in the other anthozoans. The Antipatharia and the Zoanthidea also share
similarities in nematocyst structure and skeletal composition (Schmidt 1974), and are
thought by some to be highly specialized hexacorals (Hadzi 1963).
Molecular studies using mitochondrial 16S rDNA (France et al. 1996) and 18S
rDNA (Song & Won 1997) have shown that the orders Antipatharia and Ceriantharia are
genetically divergent from one another, and are not sister orders. The results of these
studies disagreed on the positions of the Ceriantharia and Antipatharia relative to the other
Anthozoa, however (Fig. 1). A study using 28S rDNA (Chen et al. 1995) and another
study combining mt 16S rDNA and 18S rDNA (Bridge et al. 1995), included a single
cerianthid as the representative of the Subclass Ceriantipatharia, so would have been unable
to detect any potential divergence between the Ceriantharia and the Antipatharia. None of
these studies included representatives of the Zoanthidea. Resolution of the phylogenetic
affinities and ancestry of the orders Antipatharia and Ceriantharia will further our
understanding of the early evolution of the Anthozoa, and may help determine which
morphological characters are phylogenetically informative.
The phylogenetic relationships among the orders Corallimorpharia, Scleractinia,
and Actiniaria are equivocal based on morphological characters. The Corallimorpharia are
morphologically intermediate between the actiniarians and the scleractinians, although their
mesentery structure and nematocysts are closer to the scleractinians (Fautin & Lowenstein
1992). At one time, the Corallimorpharia were placed within the same order as
-scleractinians (Wells & Hill 1956c). In the late 1800's the corallimorpharian species
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Fig. 1 Phylogenetic trees from previous molecular studies of the
Anthozoa.
A) From France et al. (1996), based on mitochondrial 16S
rDNA
B) From Song and Won (1997), based on nuclear 18S rDNA
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Corynactis was suggested to be an immature scleractinian (Jourdan 1880). The
Corallimorpharia have also been considered to be part of the Actiniaria historically
(Carlgren 1949). Stephenson (1921) removed the corallimorpharian species from the
Actiniaria and designated them as Madreporaria (containing the Corallimorpharia and
Scleractinia). Stephenson perceived the Corallimorpharia as Madreporaria that never
developed skeletons. Carlgren (1949) established the Corallimorpharia as a separate order.
The current scenario gives the three groups equal distinction at the ordinal level within the
Subclass Hexacorallia, implying that the presence or absence of a skeleton has greater
relevance in identifying phylogenetic affiliations than internal morphology.
Molecular studies have reached different conclusions, however, concerning the
relationships among the Actiniaria, Scleractinia, and Corallimorpharia. Partial 28S rDNA
sequences (Chen et al. 1995) suggested monophyly of the Scleractinia, and polyphyly of
the Corallimorpharia and the Actiniaria (Fig. IC). Protein radioimmunoassay analyses
(Fautin & Lowenstein 1992) indicated that the Corallimorpharia are not distinct from the
Scleractinia. Fautin and Lowenstein (1922) hypothesized that the Corallimorpharia may
have had multiple origins within the Scleractinia. Mitochondrial 16S rDNA also suggested
that the Corallimorpharia branch within the Scleractinia (France et al. 1996).
My study investigated whether the Corallimorpharia were allied with the
Scleractinia, the Actiniaria, or neither. The determination of the phylogenetic affinities of
the Corallimorpharia should help resolve whether the presence of a skeleton or the internal
morphology is more indicative of evolutionary history.
The validity of the current ordinal distinction for the Ptychodactiaria, a group of
anemone-like species, is another systematics issue that remains unresolved. The
ptychodactiarian species were originally classified as a family within the Actiniaria,
included in Protantheae with the Gonactiniidae based on similarities in nematocysts and
primitive musculature (Stephenson 1921). The Ptychodactiaria differed from the
Actiniaria, however, in their gonadal arrangement and mesenterial structures (Stephenson
1921, Wells & Hill 1956c). Stephenson (1921, 1922) removed the Ptychodactidae from
the Protantheae and created a third tribe, the Ptychodacteae. Carlgren (1949) gave the
Ptychodactiaria ordinal ranking, arguing that these characteristics were primitive rather than
degenerate. The present work seeks to gain insight not only to the amount of support for
their ordinal standing, but also the degree to which these species are ancestral or derived.
The genus Dendrobrachia exhibits an interesting combination of morphological
characters that resemble both the Antipatharia and the Octocorallia. The Dendrobrachia
specimen collected in the Challenger Expedition (1872-1876) was in relatively poor
condition, but was assigned to the Order Antipatharia based on its chitinous, spiny axis and
its lack of sclerites (Brook 1889). Dendrobrachia has always been recognized, however,
as an 'aberrant' antipatharian (e.g. van Beneden 1897). Additional specimens of
Dendrobrachia have been shown to possess several characteristically octocorallian features:
eight pinnately branched, retractile tentacles, and a solid axial core (Opresko & Bayer
1991). Opresko (1991) suggested that Dendrobrachiidae be established as a family within
the Octocorallia, with affinities to the gorgonians. This study will determine whether
Dendrobrachia is more closely related to the Order Antipatharia (Subclass Ceriantipatharia
or Hexacorallia) or the Subclass Octocorallia, and again whether the skeletal morphology is
more important evolutionarily than other morphological characters.
For the molecular phylogenetic analyses in the present study I used Maximum
Likelihood (ML) techniques, which have only recently become tractable for large data sets
(Huelsenbeck & Crandall 1997, Huelsenbeck & Rannala 1997). These methods are
appropriate for the analysis of sequence data, as the evolutionary algorithm can be tailored
specifically to the gene analyzed (Swofford et al. 1996). As a result, the number of
incorrect assumptions about the evolution of the gene can be minimized in the phylogenetic
analyses. Without such specific ML methods, the error introduced into phylogenetic
analyses from incorrect assumptions can overwhelm the phylogenetic signal present in the
data. This can be a serious problem when working with large numbers of taxa or basepairs
(DeSalle et al. 1994, Rzhetsky & Nei 1995). Methods incorporating too many incorrect
assumptions will tend to converge on an incorrect tree, given increasing amounts of
sequence information (Huelsenbeck & Crandall 1997). For example, using a model
employing equal substitution rates within a gene where it is not appropriate can bring the
probability of finding the correct tree to zero with sequences greater than 2,000 bp
(Sullivan & Swofford 1997). In addition, maximum likelihood analyses produce a statistic
(the likelihood score) that can be useful for comparing specific evolutionary hypotheses
(i.e. phylogenetic trees). This statistic will indicate if a given hypothesis is significantly
better or worse than an alternative (Hillis 1995, Huelsenbeck & Rannala 1997).
The previous phylogenetic studies of the Anthozoa had limitations for addressing
the scope of questions I ask here. All of the studies had limited taxon sampling within the
Hexacorallia (Bridge et al. 1995, Chen et al. 1995, France et al. 1996, Song & Won 1997)
or Ceriantipatharia (Bridge et al. 1995, Chen et al. 1995), and included only partial gene
sequences. These studies used relatively basic phylogenetic analyses (parsimony and
distance) employing evolutionary models that are not highly accurate with respect to the
data set. The goal of my study was to build a more complete phylogeny of the Class
Anthozoa than currently exists, containing representatives from across the morphological
breadth present within the class, using complete 18S rDNA sequences. This study
addresses a number of questions regarding anthozoan phylogeny: 1) are the Ceriantharia
and the Antipatharia phylogenetically allied within the Subclass Ceriantipatharia, separate
from the Subclass Hexacorallia, 2) are the Corallimorpharia affiliated with the Actiniaria,
the Scleractinia, or other members of the Hexacorallia, 3) are the Ptychodactiaria
phylogenetically distinct from the Actiniaria, 4) is Dendrobrachia affiliated with the
Antipatharia (Subclass Hexacorallia) or the Subclass Octocorallia, and 5) which
morphological characters are correlated most closely with phylogenetic divisions within the
Anthozoa?
I chose the nuclear 18S rRNA gene for this study because it has been shown
repeatedly to be useful in addressing questions on a variety of evolutionary scales, ranging
from differentiation of kingdoms (e.g. Wainright et al. 1993) to elucidation of relationships
within a given order (e.g. Kelly-Borges et al. 1991, Hay et al. 1995) or even within a
single family (e.g. Kuznedelov & Timoshkin 1993, Fitch et al. 1995). I address some of
the conflicting results from previous molecular studies using maximum likelihood analyses,
which can incorporate relevant evolutionary assumptions for the 18S rRNA gene in




This study included over 1600 basepairs (bp) of sequence information from the
nuclear 18S rRNA gene of 40 anthozoan species plus 7 outgroup species, representing all
of the extant orders of the Anthozoa. Fifteen of the sequences used were taken from
Genbank, and the remaining 32 were determined for this study. The species came from a
variety of sources (Table 1). Several octocoral specimens and the specimen of
Dendrobrachia paucispina were acquired from Dr. Frederick Bayer of the National Museum
of Natural History and Ardis Johnston of the Harvard Museum for Comparative Zoology.
These specimens had been stored in ethanol for periods ranging from two to 50 years. No
information was available as to whether the samples were fixed originally in ethanol or in
formalin. Fresh specimens of octocorals, zoanthids, antipatharians, and actiniarians were
collected by submersible from Hawaiian seamounts (using the Pisces V submersible,
operated by the Hawaiian Undersea Research Laboratory at the University of Hawaii) and
Table 1 Specimens used in phylogenetic analyses. Species of
Placozoa, Porifera, Ctenophora, Hydrozoa and Cubozoa were
used as outgroups. Specimen sources are as follows: Bishop
Seamount, 18.8°N 159.10 W; CG, courtesy of Constance
Gramlich, UCSD; EG, courtesy of Erica Goldman, University
of Washington; Fieberling Guyot, 32.1 0 N 127.8 0 W; LP,
courtesy of Dr. Lloyd Peck of the British Antarctic Program
and Dr. Daphne Fautin of the Division of Invertebrate Zoology
at Kansas University Natural History Museum; NMNH,
provided by Dr. Frederick Bayer, National Museum of Natural
History, Smithsonian; Pensacola Seamount, 18.3°N 157.3 0 W;
SR, courtesy of Dr. Sandra Romano, University of Guam;
WG, courtesy of Dr. Walter Goldberg, Florida International
University.































Bishop Seamount, HI, 1440 m
Mission Bay, CA, 8 mCG
Bahamas, 1447 mNMNH

















































Otago Penninsula, NZ, 420-320 mNMNH
Bikini Atoll, Marshall IslandsNMNH
Genbank
San Blas Islands, PanamaTG
Bishop Seamount, HI, 1285 m
Great Australian Bight, 884-859 mNMNH
Pensacola Seamount, HI, 1425 m
Pensacola Seamount, HI, 1350 m
Genbank
Genbank























































Woods Hole, MA, subtidal
Fieberling Guyot, 640 m
Fieberling Guyot, 490 m
Genbank
Woods Hole, MA, subtidal
HawaiiSR
Hawaii SR















































aquarium specimen, University of New Hampshire
Nubble Lighthouse, ME, subtidal
Fort Pierce Inlet, FL, 0.5 mn
Fieberling Guyot, 490 m
Bradshaw Sound, Fiordland NZWG
Genbank
Penguin Bank, HI, 418 m










Fieberling Guyot (using the Alvin submersible, operated by the Woods Hole
Oceanographic Institution). The specimens collected from these dives were either frozen in
liquid nitrogen or in a -20 0 C freezer. Other actiniarian and corallimorpharian specimens
were collected in U.S. and Bermuda by snorkeling or SCUBA. Two antipatharian
specimens were donated by Dr. Walter Goldberg of the Florida International University.
The ptychodactiarian specimen was donated by Dr. Lloyd Peck of the British Antarctic
Program and Dr. Daphne Fautin of the Division of Invertebrate Zoology at Kansas
University Natural History Museum. DNA extractions of scleractinians and several
octocorals were donated by Dr. Sandra Romano of the University of Guam Marine Station
and Dr. Tamar Goulet of the State University of New York, Buffalo, respectively.
DNA Extraction Protocol
The DNA extraction protocols I used was similar to those described by Coffroth et
al. (1992) and Winnepenninckx et al. (1993). Five to ten polyps of fresh or frozen tissues
were minced with a razor blade and placed in a 1.5-ml eppendorf tube with 600 tl of 2X
cetyltrimethylammonium bromide (CTAB) buffer (1.4M NaC1, 0.02M EDTA, 0. 1M Tris-
HCl (pH 8.0), 2% CTAB (Sigma Chemical Co.), and 0.2% beta-mercaptoethanol). This
buffer is particularly effective at removing polysaccharides that are abundant in coral
tissues, and which can interfere with DNA extraction. A plastic dounce was employed to
shear the tissue further, and an additional 300 pl of 2X CTAB was added. The samples
were placed at 55oC and digested with 5 pl of proteinase K (20 mg/ml) for approximately
two hours. The tissues were extracted once with an equal volume of 24:1
chloroform:isoamyl alcohol, and precipitated in two volumes of cold 95% ethanol at -20'C
overnight. The tubes were centrifuged at 10,000xg for 30 minutes, and the ethanol was
removed. The pellets were washed with 500 pl cold 70% ethanol, and the tubes were
centrifuged at 7,000xg for 15 minutes. The ethanol was removed, and the pellets dried at
room temperature. The pellets were resuspended in 50 gl of TE buffer (10 mM Tris-HCl--
pH 8.0, 1 mM EDTA--pH 8.0) and placed at 40 C for three to four hours before
visualization on an agarose gel.
The ethanol-preserved specimens were extracted with a slightly different protocol.
Five to ten polyps of the archival specimens were placed on ice in two to ten ml 2X CTAB
buffer for two to 24 hours, with the buffer replaced several times during this period. The
buffer was removed, and the tissue minced finely with a razor blade as above. The tissues
were incubated with proteinase K at 55 0 C for 24 hours, with periodic agitation. Another 5
gl of proteinase K was added, and the tissues continued to digest for an additional eight to
twelve hours. The remaining extraction procedure followed as above.
DNA Amplification Protocols
Pipet tips with a filter barrier were used throughout this process to guard against
contamination of the reactions. Negative controls were included during the DNA
extractions and PCR reactions to detect contamination if it did occur. Each extracted DNA
sample was diluted 1:10 in TE buffer, and 2 gl of that dilution was used in a 50 pl PCR
reaction. Modified versions of the universal eukaryotic primers A and B (with the
polylinkers removed) from Medlin et al. (1988) were used in the initial DNA amplifications
of the 18S rRNA gene. Primer sequences are as follows: A (forward) 5'-
AACCTGGTTGATCCTGCCAGT-3', B (reverse)-- 5'-
TGATCCTTCTGCAGGTTCACCTAC-3'. We found the 18S rRNA gene to be roughly
1800 bp in length in anthozoans. Thirty-five cycles of PCR were carried out using a
Perkin Elmer Thermal Cycler 480. The DNA was denatured at 94°C for 45 seconds, the
primers and template were annealed at 550C for one minute, and the original DNA strand
was extended at 72 0C for 90 seconds. These 35 cycles were followed by a five minute
extension at 72°C. The product was visualized on a 1% agarose gel. There was always a
visible product from the fresh or frozen tissues, and that product was prepared for cloning.
For those museum specimens that yielded no visible PCR product, a second PCR
reaction was conducted using 1 [l of product from the initial PCR reaction as the template.
The amplified negative control (no DNA was added to the tube) from the initial PCR
reaction was included in the second reaction, using 1 pl of the original negative control as
template. The primers used for the second PCR reaction were chosen to ensure that at least
one primer annealed internally to the initial A and B primers. The internal primers were
selected from a combination of universal eukaryotic primers and a set of octocoral-specific
primers that were designed by me. The universal primers were the following: 373
(forward) 5-'GATTCCGGAGAGGGAGCCT-3' and 1200 (reverse) 5'-
GGGCATCACAGACCTG-3' (Weekers et al. 1994), 514 (forward) 5'-
GTGCCAGCMGCCGCGG-3', 1055 (forward) 5'-GGTGGTGCATGGCCG-3', and
1055 (reverse) 5'-CGGCCATGCACCACC-3' (Elwood et al. 1985), and 536 (reverse) 5'-
WATTACCGCGGCKGCTG-3' (Lane et al. 1985). The octocoral-specific primers were
designed to amplify anthozoan DNA, but not DNA from the potential contaminants. The
octocoral-specific primers were designed from alignments of GenBank sequences of
actiniarians (found in Table 1), two fungi (Cryptococcus neoformans, Genbank accession
#L05428, and Bullera unica, accession #D78330), potential epibionts from Mollusca and
Crustacea (Mytilus galloprovincialis, accession #L33451, and Stenocypris major,
accession #Z22850), and a zooxanthella symbiont (Symbiodinium sp., accession
#M88509). Octocoral sequences derived from frozen tissue in this laboratory (Table 1)
were verified as cnidarian through a BLAST search of GenBank and were also used in the
primer design. Octocoral-specific primers were the following: 705 (forward) 5'-
GGTCAGCCGTAAGGTTT-3', 705 (reverse) 5'-CATACCTTTCGGCTGACC-3', 900
(forward) 5'-GTTGGTTTTTTGAACCGAAG-3', 900 (reverse) 5'-
CTTCGGTTCTAGAAACCAAC-3', 1560 (reverse) 5'-GGTGAAGGAGTTACTCGATG-
3'. PCR primer pairs were chosen to include at least one octocoral-specific primer, and to
amplify the largest fragment possible from the archival specimens. Further details and the
rationale behind this technique can be found in Chapter 2.
Determination of DNA Sequences
The final PCR product was cloned using the Original TA Cloning Kit (Invitrogen
Corporation). The PCR product was ligated into the pCR 2.1 cloning vector, then
transformed into a strain of INVxF' cells. The plasmid was isolated using the Wizard
Miniprep DNA Purification Kit (Promega Corporation) and subsequently used as a
template for cycle sequencing reactions, using the SequiTherm EXCEL Long-Read DNA
Sequencing Kit-LC (Epicentre Technologies). DNA sequences were determined for both
the forward and reverse strands of the gene. The reactions were run on a LI-COR 4000
DNA Sequencer, using infrared-labeled primers: M13 (forward) 5'-
CACGACGTTGTAAAACGAC-3', M13 (reverse) 5'-GAATAACAATTTCACACAGG-
3', 514 (forward) 5'-TCTGGTGCCAGCASCCGCGG-3', 536 (reverse) 5'-
TGGWATTACCGCGGSTGCTG-3', 1055 (forward) 5'-GTGGTGGTGCATGGCCG-
3', 1055 (reverse) 5'-AAGAACGGCCATGCACCAC-3'. The resulting images were
interpreted using the BioImage gel reader program.
Sequence Analysis
DNA sequences were aligned first by eye, with consideration of secondary
structure models, and with the alignment program Clustal W 1.6 (Thompson et al. 1994).
Regions of uncertain alignment were eliminated from the final analyses (the nexus file is
available upon request). In total, 1609 basepairs were used in the analyses, of which 247
out of 541 variable sites were parsimony-informative, and 294 were parsimony-
uninformative.
All analyses were performed using test versions of PAUP* (ver. 4d61, 4d63)
(Swofford 1996, betatest version). An initial distance analysis of the entire dataset was
performed using a Kimura 2-parameter model. The likelihood scores were calculated for
that tree using a variety of ML models, incorporating combinations of base-dependent rates
of change with unequal base frequencies, a proportion of invariant sites, and substitutional
rate heterogeneity. The purpose of this procedure was to identify the simplest model of
evolution that was still accurate for this data set; the simpler model has a lower variance
(Rzhetsky & Nei 1995) and is less computationally intensive. Using a Likelihood Ratio
Test (LRT) similar to the one described by Huelsenbeck and Rannala (1997), the likelihood
scores (L) of simpler models were compared to that of the most complex reference model (a
general time-reversible model with among-site substitution heterogeneity): LRT=2([-
InLreference] - [-lnLalternative]). The values of the LRT are approximately Chi-square
distributed, with the degrees of freedom equal to the difference in free parameters between
the models being tested. Models for which the LRT score was greater than the Chi-squared
critical value were rejected as not being sufficiently accurate.
Likelihood scores were also used to test specific phylogenetic hypotheses addressed
by this study. Alternative evolutionary hypotheses were formed by manipulating tree
topologies using the computer program MacClade (Maddison & Maddison 1992). The
Kishino-Hasegawa (KH) Test (Kishino & Hasegawa 1989) within the PAUP* program
was used to compare the likelihood scores of different topologies (i.e. evolutionary
hypotheses). Trees were viewed using PAUP* and the free-ware program TreeView (Page
1996).
Results
The large number of taxa and lengths of each sequence included in these analyses
made it unlikely that simple parsimony or distance methods would be sufficient for
detecting the phylogenetic signal within this data set. When using subsets of the data, e.g.
23 out of the 47 taxa, bootstrap analyses of both parsimony and Kimura two-parameter
distance methods gave trees with well-supported topology as defined by high bootstrap
values. When the full data set was used, however, the placement of the Order Ceriantharia
changed substantially, and the bootstrap values of the basal nodes dropped from 80-100%
in the subset analysis to 50-60% and below with the full data set. The results from the
LRT using the original Kimura 2-parameter tree showed that simple parsimony and
distance models were insufficient to model the evolution of this gene, and that the
appropriate model for the analysis of this data set was a general time-reversible model
(GTR) with among-site heterogeneity. All simpler models were statistically inferior to the
full GTR model for explaining this neighbor-joining tree given these data. The parameters
estimated from the Kimura 2-parameter tree (Table 2) were used in a heuristic ML search
consisting of five replicates, with random addition of sequences. The parameters were re-
estimated using the most likely tree that was produced from that ML analysis, to insure
there were no substantial changes. The most likely trees were found within the first
replicate in all analyses conducted.
Seven species were tested as potential outgroups for these analyses: two species
from Phylum Porifera, two species from Phylum Ctenophora, one species from Phylum
Placozoa, and two other species from the Phylum Cnidaria, representing classes Hydrozoa
and Cubozoa (Table 1). Species were tested individually and as a group to determine their
effect on the overall tree topology. The major clades were present regardless of the taxa


























Table 2 Sequence parameter values calculated from the 18S rDNA
used in the present study. Values used as input for maximum
likelihood analyses. The R matrix contains base-specific
substitution rates. The gamma distribution parameter X is the
inverse of the coefficient of variation of the substitution rate.
the sole outgroup, the major clades which had been well-supported were broken up and the
hexacorals were no longer monophyletic. Polyphyly of the Hexacorallia is inconsistent
with traditional morphological taxonomy, and has not been shown by previous molecular
phylogenies, and it is therefore likely that Trichoplax by itself is an inappropriate outgroup
for these analyses. When all outgroups were used together, the general tree topology was
once again as seen in the majority of the outgroup trials.
The positional stability of the outgroups was examined in addition to their overall
effect on tree topology. Although the combined use of Mnemiopsis leidyi (ctenophore) and
Selaginopsis cornigera (hydroid) as the only outgroups produced the expected tree
topology, M. leidyi could then be moved to multiple positions on the topology, including to
the ingroup, without reducing the likelihood score significantly (KH Test, P<0.05).
Mnemiopsis leidyi with S. cornigeras alone may be an inappropriate outgroup, since M.
leidyi doesn't branch reliably at the root of the tree. When all outgroup species were used,
the root became stable; the outgroup species could only be placed at the root or the
adjoining basal node without reducing the likelihood score significantly. Monophyly of the
ingroup could not be rejected. The final analyses for this data set were performed using all
seven taxa as outgroups.
Parsimony and distance methods showed that the orders Actiniaria, Zoanthidea,
Scleractinia, Antipatharia, and Ceriantharia, as well as the Subclass Octocorallia, constitute
monophyletic groupings (data not shown). The Corallimorpharia do not appear to be
monophyletic. Since the primary issues to be addressed here were the ordinal-level
relationships within the Anthozoa, the topology and monophyly of the Scleractinia and the
Octocorallia were fixed for the ML analyses to decrease computational complexity (i.e.
effectively reducing the number of taxa from 41 to 25) and to concentrate the analytical
efforts on the above issues. One most likely tree was produced from a ML analysis (Fig.
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2). The orders that were not fixed retained the monophyly found in distance and
parsimony analyses.
The most likely tree (Fig. 2) indicated that the Subclass Ceriantipatharia is not a
monophyletic grouping. The Order Ceriantharia was basal to the Hexacorallia, and the
Order Antipatharia fell within the Subclass Hexacorallia, as a sister group to the Order
Zoanthidea. The two species of the Ceriantharia clustered consistently with each other, but
the placement of the Ceriantharia branch was not stable. Although the most likely tree
placed the Ceriantharia in an ancestral position relative to the Hexacorallia, the cerianthids
could then be placed in numerous positions throughout the Actiniaria, Antipatharia, within
the Octocorallia, and at the base of most subclades without reducing the likelihood of the
tree significantly (KH Test, P>0.05) (Fig. 3). The cerianthids appear to be highly
divergent from the other Anthozoa, but they have evolved in such a way that the
phylogenetic signal from their sequences could not indicate their specific phylogenetic
affinities within the Anthozoa. Their position could not be placed reliably using nuclear
18S rRNA data. The two cerianthid species were eliminated from further analyses in order
to reduce the computational noise resulting from their sequences.
The computational complexity of the analyses was reduced further by fixing the
relationships within the Actiniaria, the Antipatharia, the Zoanthidea, the Scleractinia, and
the Octocorallia, as they were found in parsimony analyses. This effectively reduced the
number of taxa in the analysis from 45 to 14. This approach was justified based on the
solid bootstrap support for monophyly, as seen in a ML-calculated distance analysis (Fig.
4), as well as results from parsimony and ML analyses (data not shown). The fixation of
these nodes allowed the ML algorithm to concentrate on the relationship of the basal nodes,
which represent the relationships among the primary clades.
A single most likely tree was found from the subsequent ML analysis (Fig. 5). The
Subclass Octocorallia formed a sister clade to the Hexacorallia. Within the hexacoral clade,
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Fig. 2 The most likely tree produced from maximum likelihood
analyses of the Anthozoa, with topologies of the octocoral
clade and scleractinian clade fixed (circled) (-LN likelihood =
11919.609). The relative positions of the orders within the
Hexacorallia and Ceriantipatharia (Scleractinia,
Corallimorpharia, Antipatharia, Zoanthidea, Actiniaria, and
Ceriantharia) are interchangeable without reducing the likelihood
of the tree significantly (KH Test, P<0.05). Horizontal branch
length reflects genetic distance among taxa. Outgroup genera






















































Fig. 3 Possible placements of the Ceriantharia that do not reduce the
likelihood of the tree. The X's mark the positions where one or
both species of the Order Ceriantharia can be placed without a
significant reduction of the likelihood score of the tree (KH
Test, P<0.05). Horizontal branch length does not reflect
genetic distance. Outgroup genera are Tetilla, Scypha, Beroe,
























































Fig. 4 Bootstrap analysis using distances calculated from maximum
likelihood parameters, showing support for monophyly of the
ordinal nodes. No taxa were fixed for this computation.




























































Fig. 5 Most likely tree produced from maximum likelihood
analyses, showing the most basal relationships present
among the Hexacorallia (-Ln likelihood = 11072.545). The
topologies of the Actiniaria, Antipatharia, Scleractinia,
Zoanthidea, and Octocorallia were fixed to simplify
computational complexity (circled). Horizontal branch length
























































the Actiniaria were most basal. The Antipatharia formed a sister clade to the Zoanthidea.
The Corallimorpharia were polyphyletic, and basal to the Scleractinia. The topology of
ordinal clades within the Hexacorallia can be varied without reducing the likelihood of the
tree significantly (KH Test, P<0.05).
The 18S rRNA gene contained sufficient phylogenetic signal to suggest
relationships for both the ptychodactiarian species Dactylanthus antarcticus and the putative
antipatharian Dendrobrachia paucispina. Neither of these species was constrained for the
initial analyses, as I wanted to determine their position relative to the other Anthozoa. The
ptychodactiarian Dactylanthus was firmly allied with the Order Actiniaria. A separate ML
analysis was conducted including only Dactylanthus, the Actiniaria, and a subset of the
outgroup species. New ML parameters were calculated to reflect the change in taxonomic
sampling. The most likely tree (Fig. 6) placed Dactylanthus with the species Haloclava
sp..
Dendrobrachia paucispina was placed clearly within the octocoral clade, and
branched with the species Umbellula sp. and Narella bowersi. All other positions for
Dendrobrachia on this tree reduced the likelihood significantly (KH Test, P<0.05).
Discussion
These molecular analyses support the morphological division between the Subclass
Octocorallia and the other Anthozoa, which was based primarily on mesentery and tentacle
structure. The octocorals' octamerous mesenteries and pinnately-branched tentacles are
unique to the Anthozoa, as are their mesenchymal skeletal spicules. The octocorals also
share a single type of nematocyst (basitrichs) which are rare or absent in the Actiniaria
(Picken & Skaer 1966, Schmidt 1974). The remaining species within the Anthozoa, which
comprise the early Subclass Hexacorallia, are more diverse in their morphology. They are





















Fig. 6 Maximum likelihood analysis of Actiniaria and Ptychodactiaria
(Dactylanthus antarcticus) (-Ln likelihood = 6094.807). Dactylanthus
does not appear to constitute a separate order. It is most closely allied
with the tribe Athenaria (Suborder Nynantheae). Tribe Athenaria
and Dactylanthus branch within the clade of the Tribe Thenaria
(Suborder Nynantheae).
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mesenteries. Their skeleton (if present) may be composed of calcium carbonate or chitin,
but never contains free sclerites (Wells & Hill 1956a).
Molecular information from three different ribosomal genes have indicated two
potential phylogenetic positions for the Ceriantharia within the Anthozoa. France et al.
(1996) examined the mitochondrial 16S rRNA gene (550-900 bp from 29 species), and
found the cerianthids were ancestral to the remaining hexacorals (Fig. la). A combination
of 16S mtDNA and 18S rDNA sequences also found the cerianthids to be basal to the
hexacorals (Bridge et al. 1995). A third study using 800 bp of the 18S rDNA from 13
species (Song & Won 1997) placed the cerianthid species as ancestral to all of the Anthozoa
(Fig. lb), as did a fourth study using 225 bp of 28S rDNA sequence from 22 species
(Chen et al. 1995) (Fig. Ic).
The most likely tree generated from the 18S rDNA sequences in the present study
did not support the alliance of the orders Ceriantharia and Antipatharia within the Subclass
Ceriantipatharia (Fig. 1). Similar conclusions were found previously by France et al.
(1996) and Song/Won (1997). The Ceriantharia appeared to be ancestral to the
Hexacorallia, and the Antipatharia fell within the Hexacorallia. These analyses could not,
however, identify the exact position of the Ceriantharia with statistical certainty (Fig. 3).
The cerianthid species could be placed in multiple positions on the tree without reducing the
likelihood of the tree significantly. These analyses of 18S sequence information were
unable to establish the phylogenetic history of the Ceriantharia reliably.
I was able to clearly establish the affinities of the Order Antipatharia within the
Subclass Hexacorallia from my analyses. Sequence analyses in the past have had
incomplete sampling for the determination of the phylogenetic affinities of the Antipatharia.
France et al. (1996) and Song and Won (1997) found the Antipatharia to be a sister clade to
the Actiniaria, but neither study included zoanthid species in their analyses. The most
likely tree from my analyses indicated the Afitipatharia form a sister clade to the Zoanthidea.
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Moving the Antipatharia to branch with the Actiniaria, however, did not make the tree
significantly less likely. A phylogenetic association between the Antipatharia and either the
Zoanthidea or the Actiniaria was supported from these analyses.
The most likely tree generated from my 18S sequence data suggested that the
Corallimorpharia were not monophyletic, and they exhibited a closer affinity to the
Scleractinia than the Actiniaria (Fig. 5). This result agreed with the France et al. (1996)
study (Fig. la), but not with Chen et al. (1995) (Fig. ic). The latter showed the Actiniaria
to be a polyphyletic group comprised of two clades, with species of Corallimorpharia
branching with both clades of actiniarian species. These two actiniarian/corallimorpharian
clades were distinct from the monophyletic clade of scleractinians. My most likely tree
indicated that both the Actiniaria and the Scleractinia were monophyletic, and the
Corallimorpharia branched basally to the Scleractinia. The Corallimorpharia could be
moved throughout the scleractinian clade, however, without reducing the likelihood of the
tree (KH Test, P<0.05). The likelihood of the tree was also not reduced significantly if the
corallimorpharian species were forced to monophyly. The close phylogenetic association
of the Corallimorpharia and the Scleractinia is reminiscent of the taxon Madreporaria
(Stephenson 1921), in which were combined the Scleractinia and the Corallimorpharia.
The close genetic affinity of the Scleractinia and the Corallimorpharia suggests that the
morphological characters of mesentery structure, which is similar between the two groups,
may be more reflective of evolutionary associations than the presence or absence of a
skeleton.
The branching pattern of the Actiniaria in the present study differed from that found
by Chen et al. (1995). I included representatives of the actiniarian taxa that branched with
the Corallimorphidae in the 28S tree, but they fell with the other Actiniaria and not with the
Scleractinia according to my 18S data. The polyphyly of the Actiniaria found by Chen et
al. may have been a result of the short sequence length used for their analyses.
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My taxonomic sampling is limited for the Corallimorpharia, but I chose species that
represented both of the major morphotypes within the order: Discosoma is of the tropical,
plate-like variety, and Corynactis is of the temperate, polyp-like variety. This sampling
scheme is clearly insufficient for indicating relationships among the families of the
Corallimorpharia, and as I have shown the 18S rRNA gene may also be inadequate for
distinguishing the relationships within this group. The close relationship between the
Scleractinia and the Corallimorpharia is evident, but the phylogenetic information present in
these 18S sequences is insufficient to establish the specific relationships among these two
groups.
My 18S rDNA data indicated that the Ptychodactiaria have strong connections to the
Actiniaria. These data do not support the establishment of a separate order, although the
possibility a separate order is warranted cannot be strongly rejected. I conducted an ML
analysis on the Actiniaria and Dactylanthus alone, with a selection of species as the
outgroup, and new parameters appropriate to these taxa. My analyses indicated good
agreement between the 18S-generated relationships and traditional placement of
Dactylanthus within the Actiniaria (Fig. 6). The subtribes each constituted monophyletic
groupings. The Tribe Anthenaria, represented here by a single species, appeared to be
derived from the Tribe Thenaria. The most likely tree from my analysis of this subset of
species showed a sister-taxon relationship between Dactylanthus and Haloclava, of the
Tribe Athenaria. However, Dactylanthus could be moved throughout the
Endomyaria/Athenaria clade, or to a position basal to the Acontiaria, or basal to the
Actiniaria as a whole without reducing the likelihood significantly (KH Test, P<0.05).
This sampling scheme also lacks representatives of the two remaining suborders within the
Actiniaria (Suborder Protantheae and Suborder Endocoelantheae). Thus, although the
association of Dactylanthus with the Actiniaria is clear, its exact position within the
Actiniaria remains unresolved.
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These 18S sequence information confirmed the divergence between Dendrobrachia
and the Antipatharia, the order in which it was originally placed (Fig. 5). Dendrobrachia
paucispina fell securely within the octocorals, specifically with two species of the Suborder
Holaxonia (Lepidisis sp. and Narella bowersi), and the unusual pennatulacean Umbellula
sp.. Opresko and Bayer (1991) stated that Dendrobrachia is clearly an octocoral, based on
its definitively gorgonian polyp structure. Although the genus has a spiny, chitinous
skeleton and lacks free sclerites, these are the only characters shared with the Antipatharia.
Opresko and Bayer (1991) suggested that Dendrobrachia may be associated with the
Family Chrysogorgia, which is also within the Suborder Holaxonia, and my analyses were
consistent with this hypothesis. It appears the skeletal composition is less important than
polyp morphology for indicating taxonomic affinities for this group. A more
comprehensive discussion of the phylogenetic position of D. paucispina appears in Chapter
4.
Conclusions
These analyses of 18S rDNA data indicate that the three-subclass system as it exists
currently is not reflective of the evolutionary history of the Anthozoa. A three-subclass
system may indeed be accurate, with the Ceriantharia designated a subclass with the
Hexacorallia and the Octocorallia. The orders Ceriantharia and Antipatharia, united
currently within the Subclass Ceriantipatharia, however, are genetically disparate groups.
My data support the hypothesis that the Order Ceriantharia is ancestral to the Subclass
Hexacorallia, while the Antipatharia are sister-taxa to the Zoanthidea and are highly derived
within the Hexacorallia (as from Brook 1889, Hickson 1906, and Hadzi 1963). Although
the most likely tree supports this conclusion, I cannot reject alternate hypotheses for the
placement of the Ceriantharia as ancestral to the Anthozoa (as shown by Song & Won
1997). The phylogenetic affinities of the Ceriantharia could not be determined reliably
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using these data. It is clear that they are highly divergent from the remaining Anthozoa, but
their ancestry remains uncertain.
The Subclass Octocorallia, as well as the orders Actiniaria, Scleractinia,
Zoanthidea, Ceriantharia, and Antipatharia were each well-supported monophyletic
groupings. The Order Corallimorpharia did not appear to be monophyletic, however, and
my results show that its affinities lie with the scleractinians. The internal mesentery
structure appears to be a better character than the presence of a skeleton for indicating
evolutionary patterns of the Corallimorpharia. This was suggested with the historical
association of the Scleractinia and the Corallimorpharia within the Madreporaria, separate
from the Actiniaria. Sequence information from genes with higher levels of divergence, as
well as from additional species of Corallimorpharia, will likely be necessary to establish the
relationships between the Corallimorpharia and the Scleractinia.
The phylogenetic affinities of the Ptychodactiaria and the genus Dendrobrachia,
both of which have been equivocal, were established using 18S sequence information. The
ptychodactiarian Dactylanthus was not genetically distinct from the Actiniaria, a result
which is consistent with their original familial designation within the Actiniaria. My
sequence information suggested an association of Dactylanthus with the Tribe Athenaria,
but a more specific classification will require further sampling within the Actiniaria.
Sequence information showed that Dendrobrachia was allied with the Octocorallia,
as has been predicted from recent morphological work. My analyses placed Dendrobrachia
closest to members of the Suborder Scleraxonia and the pennatulacean Umbellula. Again,
further analyses including a more complete representation of the octocorals will be
necessary to firmly establish its phylogenetic position within the subclass.
This study has provided the most complete analysis of relationships across the
Anthozoa to date. I have used the full 18S rDNA sequence for 38 species across all extant
orders, and have conducted Maximum Likelihood techniques employing appropriate
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models of evolution for this gene. Nuclear 18S sequence data have clearly shown the
major divisions within the Anthozoa, and suggested phylogenetic affinities for species that
had been enigmatic. Sequence information suggests that skeletal properties may not be a
defining character indicating evolutionary relationships within the Anthozoa. Not all of the
alternate hypotheses arising from other molecular studies can be supported or refuted with
these data. Sequence information from additional genes and additional species will be
necessary to establish the specific relationships investigated here.
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Phylogenetic Relationships within the Subclass Octocorallia





Historically, the Subclass Octocorallia was divided into seven orders: Helioporacea
(Coenothecalia), Protoalcyonaria, Stolonifera, Telestacea, Alcyonacea, Gorgonacea, and
Pennatulacea. It has been argued that this arrangement exaggerates the amount of
variability present among the species of the Octocorallia. The current taxonomy recognizes
the two orders of Helioporacea (blue corals) and Pennatulacea (sea pens), and assembles
the remaining species into a third order, Alcyonacea. The species within the Alcyonacea
exhibit a gradual continuum of morphological forms, making it difficult to establish
concrete divisions among them. The subordinal divisions within the Alcyonacea
correspond loosely to the traditional ordinal divisions. In this study I used molecular
techniques to address the validity of the historical ordinal divisions and the current
subordinal divisions within the Subclass Octocorallia. I also explore the phylogenetic
affinities of the species Dendrobrachia paucispina, which was originally classified in the
Order Antipatharia (Subclass Ceriantipatharia). Polyp structure indicates a closer affinity
between Dendrobrachia and the Subclass Octocorallia. I have determined the nuclear 18S
rRNA sequences for 41 species of octocorals, and use these to construct a molecular
phylogeny of the subclass. I utilize Maximum Likelihood techniques, employing a realistic
model of evolution for these species and this data set. The most likely trees from these
sequence data indicate three clades, and do not support the morphological taxonomy of the
Octocorallia. The Order Pennatulacea is the most cohesive group within the subclass, but
is not monophyletic. One clade is undifferentiated and contains half of the species in this
analysis. The third clade contains members from three suborders of the Alcyonacea, and
one member of the Pennatulacea. These data cannot be used to distinguish among the
branching order of these three clades. The morphological character of dimorphism (the
presence of both autozooids and siphonozooids within a single colony) corresponds
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loosely with the topology of the most likely trees, and the monophyly of dimorphism
cannot be rejected from these data. The species Dendrobrachia paucispina has a close
affinity with the genera Corallium and Paragorgia (Alcyonacea: Scleraxonia), although its
morphology suggests it is more similar to the genus Chrysogorgia (Alcyonacea:
Holaxonia). The genetic divergence found within genera is approximately equivalent to
that found in other invertebrates, but the divergence found within families is greater in the
octocorals than in other invertebrates. This difference may reflect the inappropriate
inclusion of evolutionarily divergent genera within octocorallian families. I have employed
appropriate evolutionary models for maximum likelihood analyses in this study, utilizing
complete 18S rDNA sequences from the majority of families within the Octocorallia. Many
of the relationships within the Octocorallia, however, remain ambiguous.
Introduction
The Subclass Octocorallia (Phylum Cnidaria) contains many well-known species of
invertebrates, including soft corals, gorgonians, sea pens, and blue corals. They are
exclusively polyp-shaped, and constitute a well-defined morphologic group. Several
characters unite them: nematocyst structure, tentacle number and structure, and the number
and structure of their mesenteries (divisions within the gastrovascular cavity). The
octocorals are relatively simple taxa morphologically, however, with few remaining
characters with which to distinguish taxonomic groupings within this subclass. They can
be solitary or colonial, and may possess a skeleton consisting of a calcium and/or chitinous
axis and extra-skeletal calcium-carbonate spicules. The axial structure and the spicular size,
structure and arrangement are particularly useful for distinguishing among groups at all
taxonomic levels within the octocorals. Other characters which are used to determine
taxonomic groupings include the distribution of polyps and the budding pattern of new
polyps, monomorphic vs. dimorphic colonies (autozooids and siphonozooids within the
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same colony), and the nature and arrangement of the calcium-carbonate spicules (Bayer
1956). The taxonomic characters available are so few that entire groups may have been
defined based solely on a single characteristic (Hickson 1930). The fossil record for these
species is also incomplete, contributing little towards the reconstruction of their evolution.
The traditional taxonomy for the Octocorallia divides the subclass into seven orders:
Helioporacea (Coenothecalia), Protoalcyonaria, Stolonifera, Telestacea, Alcyonacea,
Gorgonacea, and Pennatulacea (Fig. lA). Morphology, however, distinguishes only two
unique groups within the Octocorallia: the orders Helioporacea (blue corals) and
Pennatulacea (sea pens) (Bayer 1956, Bayer 1973). The Helioporacea lack spicules, and
form a massive crystalline aragonite skeleton, similar to some Hydrozoa and Scleractinia.
The Pennatulacea are colonial and are dimorphic. The primary axial polyp is elongated and
anchored into soft sediment, and the secondary autozooids branch from these primary
polyps. Pennatulaceans are the most advanced in terms of their colonial complexity,
functional specialization of zooids, and colonial integration (Bayer 1973).
The remaining species within the subclass are less easily classified based on
morphology. One group of families (Ellisellidae, Ifalukellidae, Chrysogorgiidae, and
Primnoidae) within the original Order Gorgonacea (Suborder Holaxonia) is clearly distinct
from the remaining alcyonaceans based on its complete lack of chambered axial medulla.
These families are sometimes grouped together as the 'restricted Holaxonia' (Bayer 1981).
Firm divisions among the remaining species cannot be made on the basis of morphology.
All degrees of colonial organization and skeletal form occur in a nearly uninterrupted
continuum, and all of the major body plans are linked by intermediate forms that make strict
morphological divisions difficult (Bayer 1973, Bayer 1981).
Although traditional taxonomy recognizes seven distinct orders, several species
form morphological links between these groups: species of Telestula that were originally



















Fig. 1 Taxonomic classifications of the Subclass Octocorallia.
A) Traditional classifications, e.g. Deichmann (1936), Hyman (1940).
B) Revised classifications, from Bayer (1981).
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Maasella radicans combine attributes of the Stolonifera and the Alcyonacea; the families
Paragorgiidae and Briareidae have been assigned alternately to the Alcyonacea and
Gorgonacea; species of Keroeides, Lignella, and Ideogorgia exhibit both the proteinaceous
cross-chambered axis of the Holaxonia and the axial sclerites typical of the Scleraxonia
(Bayer 1981). Bayer (1981) suggested that the amount of variation among these species
was insufficient to warrant distinction at the ordinal level, and revised the classification
accordingly. The orders Helioporacea and Pennatulacea were retained, and the remaining
groups were established as suborders (listed with increasing level of colonial complexity)
within the Order Alcyonacea (Fig. IB). The remainder of the present paper will use
Bayer's classification system as the reference.
The origins of the Octocorallia and their subsequent evolution remain to be
determined, although the ancestral octocoral was likely solitary (Bayer 1973). The
Pennatulacea are thought to be a very old group, however, although their precise origins
are unclear. Pennatulacean-like species have been discovered from the Precambrian,
preceding the appearance of any known gorgonian species (Bayer 1955, Bayer 1973). The
Pennatulacea share morphological similarities with a number of alcyonacean species.
Hickson (1916) suggested that the pennatulid Family Veretillidae may be the most primitive
of the sea pens, and noted a similarity between the veretillids and a species of
Sarcophytum, renamed Anthomastus (Alcyonacea: Alcyoniidae). The pennatulacean axial
structure also has similarities to those of the gorgonian families Ellisellidae and Isididae, in
patterns of chitinous and calcareous material extending outward from a calcareous core
(Bayer 1955). Alternatively, the pennatulaceans may have arisen from a Telesto-like
ancestor, the colony morphology of which superficially resembles that of the Pennatulacea
(Bayer 1956, Bayer 1973). In 1900, Bourne proposed uniting the Pennatulacea and the
Telestacea into a single group (cited in Hickson 1916). The lack of any known
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morphological intermediates between the Pennatulacea and the other members of the
subclass makes it difficult to establish evolutionary pathways.
In this study I utilized 18S rRNA molecular sequences to examine phylogenetic
relationships within the Subclass Octocorallia. Molecular sequences can be used as
additional characters, and can be useful for suggesting relationships among taxa with few
morphological characters. The nuclear 18S rRNA gene has been useful in addressing
questions on a variety of evolutionary scales, including relationships at the ordinal level,
(e.g. Kelly-Borges et al. 1991, Hay et al. 1995) and the family level (e.g. Kuznedelov &
Timoshkin 1993, Fitch et al. 1995).
The present phylogenetic analyses were based on complete 18S rDNA sequences
from 41 species of octocorals, plus partial sequences for three additional species. I utilized
Maximum Likelihood (ML) techniques, employing an evolutionary model applicable to the
gene and organisms included in this study (Swofford et al. 1996, Huelsenbeck & Crandall
1997). It is particularly important to use realistic evolutionary algorithms when including
this many taxa and basepairs. The amount of error introduced into an analysis through the
use of inappropriate models may overwhelm the phylogenetic information contained in the
data set (DeSalle et al. 1994, Rzhetsky & Nei 1995).
The specific goals of this study were to examine the primary phylogenetic
groupings within the Subclass Octocorallia. I explored the genetic divisions within the
Subclass Octocorallia with three primary inquiries: 1) is there molecular support for the
either the historical ordinal divisions, or the subordinal divisions as they stand today, 2) is
there genetic evidence for distinct divisions for the Helioporacea and Pennatulacea, and 3)
is there any support for the ancestral nature of the Pennatulacea? The levels of genetic
differentiation measured among groups was compared between orders within the Subclass
Octocorallia and the Subclass Hexacorallia (Phylum Cnidaria). The hexacorals are likely
appropriate models because they are closely related species, and their orders are fairly well
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defined both on a morphological and a molecular level (Berntson et al. in prep). Traditional
morphological characters were compared phylogenetic groupings found to evaluate which
ones appeared to provide the most taxonomic information.
The final portion of this study examined the phylogentic affinities of the intriguing
species Dendrobrachia paucispina. This genus was originally classified with the Order
Antipatharia (black corals) based on its chitinous, spiny axis and its lack of sclerites. A
thorough examination of the polyp structure was not possible at that time due to poor
sample preservation (Brook 1889). Even without information on polyp morphology,
Brook (1889) noted similarities in the axial structure between Dendrobrachia and the Order
Gorgonacea, but Dendrobrachia was placed with the Antipatharia because it lacked free
sclerites. Recent morphological studies of this genus have determined that the polyp
structure places Dendrobrachia unequivocally within the Subclass Octocorallia, specifically
with members of the Family Chrysogorgiidae (Alcyonacea: Holaxonia) (Opresko & Bayer
1991). Our previous work with 18S rDNA sequence information (Berntson et al. in prep)
suggested that Dendrobrachia has phylogenetic affinities with the octocorals, although our
sampling at that time was insufficient to suggest its familial position. The present study
provides sequences from all of the ordinal and subordinal groups within the Octocorallia,
including 22 of the 30 extant families of Alcyonacea. This level of sampling was designed




The species used in this study (Table 1) were obtained from several sources. Forty
sequences were determined for this work, and 13 additional sequences (including
outgroups) were taken from Genbank. Ten of the octocoral specimens and the specimen of
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Table 1 Specimens used in phylogenetic analyses. Species of Placozoa,
Porifera, Ctenophora, Hydrozoa and Cubozoa were used as
outgroups. ID# refers to museum accession numbers or to
collection number. Specimen sources are as follows: AJ,
courtesy of Ardis Johnston and the Harvard Museum of
Comparative Zoology; Bishop Seamount, 18.8 0 N 159.1 0 W; CG
courtesy of Constance Gramlich, University of California, San
Diego; Cross Seamount, 18.7 0 N 158.3 0 W; Fieberling Guyot,
32.10 N 127.8 0 W; Pensacola Seamount, 18.30 N 157.3 0 W;
NMNH, provided by Dr. Frederick Bayer, National Museum of
Natural History, Smithsonian; TG, courtesy of Tamar Goulet,
State University of New York, Buffalo.
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Aru Island, Indonesia, I m





































Otago Penninsula, NZ, 420-320 mNMNH 54271
Mission Bay, CA, 8 mCG
Kaena Point, Oahu, HI, 558 m OAS-28
Bikini Atoll, Marshall IslandsNMNH 79459
Aldabra, Seychelles, 60-80 ftNMNH 75637
Genbank
Keanapapa Pt., Lanai, HI, 1226 m LAD-64
Genbank
Fieberling Guyot, 640 m AD2321-8
Gulf of Eilat, Red SeaTG
Augulpelu Island, Palau, 110 ftNMNH 58584
Gulf of Eilat, Red SeaTG
San Blas Islands, PanamaTG
Cross Seamount, HI, 1010 m CR106-1
San Blas Islands, PanamaTG
Fieberling Guyot, 490 m AD2301-1
Cross Seamount, HI, 1145 m CR105-1, NMNH 94462















































Okinawa Archipelago, Japan, 16 mAJ
Aleutian Islands, 431 mNMNH
Bishop Seamount, HI, 1295 m
Antigua, Caribbean Sea, 30 ftNMNH
Genbank
Genbank-
Cross Seamount, HI, 1145 m
Santa Catalina Island, CA, - 15 m
GuamTG
Okinawa, Japan, 45 mNMNH
S. Satawan, Micronesia Chuuk, 30 mAJ
Cross Seamount, HI, 1010 m
Great Australian Bight, 884-859 mNMNH
Cross Seamount, HI, 1350 m
Pensacola Seamount, HI, 1350 m
Pensacola Seamount, HI, 1425 m
















































Keanapapa Pt., Lanai, HI, 1226 m
Bishop Seamount, HI, 1440 m
Mission Bay, CA, 8 mCG
Bahamas, 1447 mNMNH
Genbank
Mission Bay, CA, 8 mCG
Mission Bay, CA, 8 mCG












Dendrobrachia paucispina were acquired from Dr. Frederick Bayer of the National Museum
of Natural History and Ardis Johnston of the Harvard Museum for Comparative Zoology.
These specimens had been stored in ethanol for periods ranging from two to 50 years. No
information was available as to whether the samples were fixed originally in ethanol or in
formalin. Fresh specimens of octocorals and Actiniaria were collected by submersible from
Hawaiian seamounts (using the Pisces V submersible, operated by the Hawaiian Undersea
Research Laboratory at the University of Hawaii) and Fieberling Guyot (using the Alvin
submersible, operated by the Woods Hole Oceanographic Institution). The specimens
collected from these dives were frozen in liquid nitrogen or frozen at -200 C. Other
octocoral specimens were collected in US waters by snorkeling or SCUBA. DNA
extractions of several octocorals were donated by Dr. Tamar Goulet of the State University
of New York, Buffalo.
DNA Extraction Protocol
The extraction protocols were based on those described by Coffroth et al. (1992)
and Winnepenninckx et al.(1993). Five to ten polyps of fresh or frozen tissues were
minced with a razor blade and placed in a 1.5-ml eppendorf tube with 600 gl of 2X
cetyltrimethylammonium bromide (CTAB) buffer ((1.4M NaC1, 0.02M EDTA, 0.1M Tris-
HCI (pH 8.0), 2% CTAB (Sigma Chemical Co.), and 0.2% beta-mercaptoethanol)). A
plastic dounce was employed to further shear the tissue, and an additional 300 l of 2X
CTAB was added. The samples were placed at 550 C and digested with 5 pl of proteinase
K (20 mg/ml) for approximately two hours. The tissues were extracted once with an equal
volume of 24:1 chloroform:isoamyl alcohol, and precipitated in two volumes of cold 95%
ethanol at -200 C overnight. The tubes were centrifuged at 10,000xg for 30 minutes, and
the ethanol was removed. The pellets were washed in 500 pl cold 70% ethanol, and the
tubes were centrifuged at 7,000xg for 15 minutes. The ethanol was removed, and the
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pellets dried at room temperature. The pellets were resuspended in 50 gl of TE buffer (10
mM Tris-HC1 (pH 8.0), 1 mM EDTA (pH 8.0)) and placed at 4°C for three to four hours
before visualization on an agarose gel.
The DNA extraction protocol for the archival specimens differed slightly. Five to
ten polyps of the ethanol-stored specimens were placed on ice in 2 to 10 ml 2X CTAB
buffer for up to 24 hours, with the buffer replaced several times during this period. The
buffer was removed, and the tissue minced finely with a razor blade as above. The tissues
were incubated with proteinase K at 55°C for 24 hours, with periodic agitation. Another 5
gl of proteinase K was added, and the tissues continued to digest for an additional eight to
twelve hours. The subsequent extraction procedure followed as above.
DNA Amplification Protocols
Pipet tips with a filter barrier were used throughout this process to guard against
contamination of the reactions. Negative controls were included during the DNA
extractions and PCR reactions to detect contamination if it did occur. Each extracted DNA
sample was diluted 1:10 in TE buffer, and 2 gl of that dilution was used in a 50-gl PCR
reaction. Modified versions of the universal eukaryotic primers A and B (with the
polylinkers removed) from Medlin et al. (1988) were used in the initial DNA amplifications
of the 18S rRNA gene. Primer sequences are as follows: A (forward) 5'-
AACCTGGTTGATCCTGCCAGT-3', B (reverse)-- 5'-
TGATCCTTCTGCAGGTTCACCTAC-3'. I found the 18S rRNA gene to be roughly
1800 basepairs (bp) in length in anthozoans. Thirty-five cycles of PCR were carried out
using a Perkin Elmer Thermal Cycler 480. The DNA was denatured at 940 C for 45
seconds, the primers and template were annealed at 55°C for one minute, and the original
DNA strand was extended at 720 C for 90 seconds. These 35 cycles were followed by a
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five minute extension at 72oC. The product was visualized on a 1% agarose gel, and then
prepared for TA-cloning.
For those archival specimens that yielded no visible PCR product, a second PCR
reaction was conducted using 1 gl of product from the initial PCR reaction as the template.
The amplified negative control (no DNA was added to the tube) from the initial PCR
reaction was included in the second reaction, using 1 pC of the original negative control as
template. The primers used for the second PCR reaction were chosen to insure that at least
one primer annealed internally to the initial A and B primers. The internal primers were
selected from a combination of universal eukaryotic primers and a set of octocoral-specific
primers that I designed. The universal primers are the following: 373 (forward) 5-
'GATTCCGGAGAGGGAGCCT-3' and 1200 (reverse) 5'-GGGCATCACAGACCTG-3'
(Weekers et al. 1994), 514 (forward) 5'-GTGCCAGCMGCCGCGG-3', 1055 (forward)
5'-GGTGGTGCATGGCCG-3', and 1055 (reverse) 5'-CGGCCATGCACCACC-3'
(Elwood et al. 1985), and 536 (reverse) 5'-WATTACCGCGGCKGCTG-3' (Lane et al.
1985). The taxon-specific primers were designed to amplify anthozoan DNA, but not
DNA from the potential contaminants. The octocoral-specific primers were designed from
alignments of GenBank sequences of actiniarians (listed in Table 1), two fungi
(Cryptococcus neoformans, GenBank Accession #L05428, and Bullera unica, #D78330),
potential epibionts from Mollusca and Crustacea (Mytilus galloprovincialis, #L33451, and
Stenocypris major, #Z22850), and a zooxanthella symbiont (Symbiodinium sp.,
#M88509). Octocoral sequences derived from frozen tissue in this lab (Table 1) were
verified as cnidarian through a BLAST search of GenBank and were also used in the
primer design. Octocoral-specific primer sequences are the following: 705 (forward) 5'-
GGTCAGCCGTAAGGTTT-3', 705 (reverse) 5'-CATACCTTTCGGCTGACC-3', 900
(forward) 5'-GTTGGTTTTTTGAACCGAAG-3', 900 (reverse) 5'-
CTTCGGTTCTAGAAACCAAC-3', 1560 (reverse) 5'-GGTGAAGGAGTTACTCGATG-
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3'. PCR primer pairs were chosen to include at least one octocoral-specific primer, and to
amplify the largest fragment possible from the archival specimens. Further details and the
rationale behind this technique are described elsewhere (Berntson & France in prep).
Determination of DNA Sequences
The final PCR product was cloned using the Original TA Cloning Kit (Invitrogen
Corporation). The PCR product was ligated into the pCR 2.1 cloning vector, then
transformed into a strain of INVcxF' cells. The plasmid was isolated using the Wizard
Miniprep DNA Purification Kit (Promega Corporation) and subsequently used as a
template for cycle sequencing reactions, using the SequiTherm EXCEL Long-Read DNA
Sequencing Kit-LC (Epicentre Technologies). DNA sequences were determined for both
the forward and reverse strands of the gene. The reactions were run on a LI-COR 4000
DNA Sequencer, using infrared-labeled primers: M13 (forward) 5'-
CACGACGTTGTAAAACGAC-3', M13 (reverse) 5'-GAATAACAATTTCACACAGG-
3', 514 (forward) 5'-TCTGGTGCCAGCASCCGCGG-3', 536 (reverse) 5'-
TGGWATTACCGCGGSTGCTG-3', 1055 (forward) 5'-GTGGTGGTGCATGGCCG-
3', 1055 (reverse) 5'-AAGAACGGCCATGCACCAC-3'. The resulting images were
interpreted using the Biolmage gel reader program.
Sequence Analysis
DNA sequences were aligned first by eye, taking into account secondary structure
models, and with the alignment program Clustal W 1.6 (Thompson et al. 1994). Regions
of uncertain alignment were eliminated from the final analyses (the nexus file is available
upon request). In total, 1640 basepairs were used in the analyses, of which 413 out of 689
variable sites were parsimony-informative, and 276 were parsimony-uninformative.
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All analyses were performed using test versions of PAUP* (versions 4d61 and
4d63) written by David Swofford (Swofford 1996, betatest version). An initial parsimony
analysis of the entire dataset was performed, which resulted in 35,000 equally
parsimonious trees. The likelihood scores were calculated for one of the most
parsimonious trees, using a variety of evolutionary models. The purpose for this
procedure was to identify the simplest model of evolution that was still accurate for this
data set; the simpler model will have a lower variance (Rzhetsky & Nei 1995) and will be
less computationally intensive. Using the Likelihood Ratio Test (LRT) as described by
Huelsenbeck and Rannala (1997), the likelihood scores were calculated for each ML model
and compared to the most complex model, which is a general time-reversible (GTR) model
incorporating unequal base frequencies and among-site substitution heterogeneity. The
values of the LRT are approximately chi-square distributed, with the degrees of freedom
equal to the difference in free parameters between the models being tested. Models for
which the LRT score was greater than the Chi-square critical value were rejected as not
being sufficiently accurate.
A strict consensus tree from the initial parsimony search was calculated, and it
indicated a large undifferentiated clade (data not shown). A bootstrap analysis using ML-
based distance calculations was also performed, and the results showed strong support
(bootstrap value = 91) for the existence of the same undifferentiated clade (Fig. 2). The
topology of the taxa within this clade was fixed for subsequent analyses, based on one of
the equally parsimonious trees found. This was done for computational reasons, as it
effectively reduced the number of taxa in the analysis from 53 to 32. Without fixing this
clade, much of the computational time would have been utilized by these taxa, for which
there was very low phylogenetic signal.
The outgroups chosen for these analyses were two species from the Phylum
Porifera, two species from the Phylum Ctenophora, one species from the Phylum
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Fig. 2 Bootstrap analysis using distances calculated with maximum
likelihood parameters, showing the undifferentiated clade.
Undifferentiated clade and outgroups identified by bars.
Numbers at nodes are the percent that branch occurred in
subsampled replicates. No taxa were fixed for this
computation. Horizontal branch length does not reflect genetic
distance among taxa.
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Placozoa, four other species from the Phylum Cnidaria (one each from the classes
Hydrozoa and Cubozoa, and two species of anemones, Class Anthozoa) (Table 1). These
species were previously shown to be appropriate outgroups for phylogenetic analyses of
the subclass divisions within the Anthozoa (Berntson et al. in prep). Five replicates of a
ML analysis were performed using random addition of taxa to find the most likely trees
given this data set. Trees were viewed using PAUP* and the free-ware program TreeView
(Page 1996).
Likelihood scores were also used to test specific phylogenetic hypotheses relating to
the questions addressed with this study. Alternative evolutionary hypotheses were formed
by manipulating tree topologies using the computer program MacClade (Maddison &
Maddison 1992). The Kishino-Hasegawa test (KH Test) (Kishino & Hasegawa 1989)
within the PAUP* program was used to compare the likelihood scores of those topologies.
I compared genetic divergences within the Octocorallia to those found in the
Hexacorallia, as well as to divergences measured in other invertebrates using 18S
ribosomal sequences. I used PAUP* to calculate the basic percent divergence values (p-
distance) and the ML-corrected distances, using the aligned and edited dataset. The
divergences for the Hexacorallia were calculated from the data set from another study
(Berntson et al. in prep).
Results
The results from the Likelihood Ratio Test (LRT) of the original parsimony tree
showed statistically (P<0.05) that simple parsimony and distance models were insufficient
to represent the evolution of this gene. The only appropriate model for the analysis of this
data set was a General Time-Reversible (GTR) model with unequal base frequencies and
among-site heterogeneity. All simpler models were statistically inferior to the full GTR
model for explaining this tree, given these data. The parameters estimated from the
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parsimony tree (Table 2) were used in a heuristic ML search consisting of five replicates,
with random addition of sequences. The parameters were re-estimated using the most
likely tree that was produced from that ML analysis, to insure there were no significant
changes. The most likely trees were found within the first replicate in all analyses
conducted.
Three equally likely trees were produced from the ML analysis, and a representative
of these trees is shown (Fig. 3). Three distinct clades were evident within the Octocorallia,
none of which corresponded to current taxonomy. The most likely trees differed in the
branching order of the basal nodes separating the three clades. This branching order could
not be resolved statistically with the present sequence information.
Members of most suborders were represented in all three clades. Clade A (Fig. 3)
had the most phylogenetic structure within it, as indicated by bootstrap values associated
with its topology (Fig. 2). Clade A (Fig. 3) contains primarily holaxonians (families
Chrysogorgiidae, Isididae, and Primnoidae), but also members from the Scleraxonia,
Pennatulacea, and Alcyoniina. Clade B contains the majority of the Pennatulacea, as well
as members of the Stolonifera, Scleraxonia, and Holaxonia. Clade C is essentially
undifferentiated, and contains members of all major groups except Pennatulacea. There is
very little phylogenetic signal present within this clade.
The most likely trees provided support for the current taxonomy at the level of
Family, for some of the families represented by multiple species. The families Ellisellidae,
Isididae, and Primnoidae (Order Alcyonacea: Suborder Holaxonia) constituted
monophyletic groups based on the species chosen here. The most likely tree showed the
Coralliidae (Suborder Scleraxonia) to be paraphyletic, with the inclusion of the genus
Dendrobrachia. Dendrobrachia could be placed as sister-taxon to the two species of
Corallium without reducing the likelihood of the tree significantly (KH Test, P<0.05). The




























Sequence parameter values calculated from the 18S rDNA
used in the present study. Values used as input for maximum
likelihood analyses. The R matrix contains base-specific
substitution rates. The gamma distribution parameter a is the




Fig. 3 One of three equally likely trees produced from maximum
likelihood analyses, with the topology of species in clade C
(circled) fixed (-Ln likelihood = 11129.976). The relative
positions of nodes A, B and C are interchangeable and equally
likely. Clades marked with vertical bars contain dimorphic
species. Horizontal branch length reflects genetic distance
among taxa. Colors represent the major taxonomic groupings
within the Octocorallia. The seven species in black at the base
of the tree are the outgroups.
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Alcyonacea: Suborder Scleraxonia), and Virgulariidae (Order Pennatulacea) did not appear
to be monophyletic. The associations within the families Acanthogorgiidae and Plexauridae
(Order Alcyonacea: Suborder Holaxonia) could not be determined from these data, as they
fell within the undifferentiated clade C.
The morphologically well-defined groups within the Octocorallia were not well
supported genetically. The majority of the species within the Order Pennatulacea branched
with Clade B, but the genus Umbellula fell in Clade A, basal to Anthomastus. Umbellula
could not be moved without reducing the likelihood of the tree significantly (KH Test,
P<0.05). The remaining Pennatulacea formed a monophyletic clade, at the base of which
fell species from three different suborders. The sole representative of the other well-
defined group of octocorals, the Heliporacea, could not be distinguished from the
undifferentiated Clade B. Its placement, however, may be an artifact resulting from an
incomplete sequence (541 bp out of 1646 were used). The clear association of the
'restricted Holaxonia' was also not supported in these trees, as the four families were
spread throughout all three clades.
Four taxa (Erythropodium, Telestula, and two species of Junceella) were found at
the base of the pennatulacean clade in each of the three most likely trees (Fig. 3). The
distinct morphology of the Pennatulacea does not predict a close association with these
taxa. I tested the support for the placement of these four taxa with the Pennatulacea by
constraining them into each of clades A and C, and performing an heuristic search for the
most likely tree given each of the constraints. These four taxa could be placed at the base
of either Clade A or Clade C without reducing the likelihood of the tree significantly (KH
Test, P<0.05).
Dendrobrachia paucispina was closely affiliated with the genera Corallium and
Paragorgia, with 100% bootstrap support (Fig. 2). Dendrobrachia could be moved to all
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positions on the tree near Paragorgia and the two species of Corallium without reducing the
likelihood of the tree significantly (KH Test, P<0.05).
The morphological character of dimorphism was found in two separate groups: the
Pennatulacea, and the group containing Umbellula, Anthomastus, Paragorgia, and
Corallium (Fig. 3). I forced monophyly of the dimorphic species to investigate the
possibility that this character arose once within the Octocorallia. The resulting topology
(Fig. 4) did not decrease the likelihood significantly from the best trees (KH Test,
P<0.05). Erythropodium, Telestula, and the two species of Junceella in the previous
paragraph could be moved to any of positions 1, 2, or 3 on this tree without reducing the
likelihood significantly (KH Test, P<0.05).
The genetic divergences measured using p- and ML-distance calculations from these
18S sequence data showed similarities between the Hexacorallia and the Octocorallia, as
well as with other invertebrates at the higher taxonomic levels (between classes within
Cnidaria and orders within the Hexacorallia and Octocorallia) and at the lower levels
(within genera). Divergences at the intermediate taxonomic levels (between suborders and
within families) did not agree as closely between the Anthozoa and other invertebrates
(Table 3). The ML-corrected distances were slightly greater than the p-distance values.
The p-distance divergence between classes in the Phylum Cnidaria was approximately 6.8-
15%, which is comparable to those values found among classes of echinoderms (6.0-
12.2%) (Wada & Satoh 1994). The divergence among the orders within the hexacorals
(1.5-8.1%) was similar to the divergence found between the octocorallian orders
Pennatulacea and Alcyonacea (1.3-9.2%), and between the Helioporacea and the
Alcyonacea (0.34-8.15%). The divergence within genera was approximately equivalent for
hexacorals (0.5-1.07%) and octocorals (0.6-1.6%), although it was greater than that found
in the bivalve mollusk Mytilus (0.1-0.6%) (Kenchington et al. 1995).
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Fig. 4 The resulting likelihood tree when the dimorphic species are
constrained to a single clade (-Ln likelihood = 11153.843).
The topology of this tree is not significantly less likely than
the most likely tree (KH Test, P<0.05). The species Telestula
sp., Erythropodium caribaeorum, Junceella racemosa and
Junceella sp. can be placed at positions 1, 2 or 3 without a
significant reduction in the likelihood of the tree (KH Test,
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Table 3 Genetic divergences measured from nuclear 18S rDNA.
Values represent raw p-distances and maximum likelihood-
corrected distances. Estimates were made from the aligned,
edited data set.
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The divergence between suborders within the Hexacorallia (0.4-4.5%) was similar
to the divergence among suborders within the Pennatulacea (1.6-5.1%), exclusive of
Umbellula sp. which did not branch with the other Pennatulacea. The inclusion of
Umbellula raised the upper bound of divergence from 5.1% to 9.2% between suborders.
This level of divergence was much lower than that found between suborders of decapod
crustaceans (11-12.9%) (Kim & Abele 1990). The genetic divergence among the
remaining suborders was more difficult to interpret for the Octocorallia, because the
members of many suborders were mixed within each clade in my most likely trees (Fig. 3).
Therefore I measured the divergence between and within the three major clades from our
ML analyses. The divergence between the octocorallian clades ranged from 2.5-9.9%.
Within clades, the divergence ranged from 0.4-8.4% in Clade A, 0.9-6.5% in Clade B, and
0.0-5.8% in Clade C. The divergence in Clade A was roughly equivalent to the ordinal-
level divergence within the Hexacorallia, but the divergence within clades B and C was
closer to the subordinal-level divergence within the hexacorals and Pennatulacea. The
within-family divergence of the octocorals (0.4-7.6%) was much higher than that within
the hexacorals (0.4-2.6%) as well as those found in Mytilidae (2.7-4.5%) (Kenchington et
al. 1995).
Discussion
Phylogenetic analyses of nuclear 18S sequences from Octocorallia do not support
either the historical or the current classification system. The phylogenetic clades evident
within the Subclass Octocorallia did not correspond to the morphologically defined orders
or suborders (Fig. 3). The clades present were similar, however, to the associations found
by France et al. (1996) using partial mt 16S rDNA (Fig. 5A). Mitochondrial 16S sequence
information also distinguished three groups, with a pennatulacean as the basal branch
(corresponding to my Clade B), an undifferentiated clade containing species found in my
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Fig. 5 Previous molecular phylogenetic studies examining
relationships within the Octocorallia. Numbers at nodes
represent bootstrap values.
A) From France et al. (1996), based on mitochondrial 16S
rDNA


























Clade C, and a further unresolved clade of some of the same species found in my Clade A.
A previous study using partial 18S rRNA sequences (Song & Won 1997) also found the
one pennatulacean species branching first within the Octocorallia, but only had four other
species representing the remaining octocorals (Fig. 5B). All four of those species
corresponded to families within my Clade C.
The morphologically well-defined groups within the Octocorallia (Pennatulacea and
Helioporacea) did not form monophyletic clades based on 18S sequence information. The
pennatulacean species in this analysis formed a monophyletic group, with the exception of
the genus Umbellula which fell in Clade A. Four non-pennatulacean species branched at
the base of the pennatulacean clade. I could not verify the putative ancestral position of the
Pennatulacea within the Octocorallia because the branching order of the three clades could
not be established with these data. The helioporacean species Heliopora was found in
Clade C and was not separate from the other octocorals, but this may be a result of using an
incomplete sequence in the analyses. The 'restricted Holaxonia,' the final group of species
considered by Bayer (1981) to be distinct, also failed to form a unified phylogenetic group.
Members of those four families (Ifalukellidae, Chrysogorgiidae, Primnoidae, and
Ellisellidae) could be found in all three clades.
Morphological taxonomy does not predict that the genus Umbellula would be more
closely allied with Anthomastus, Paragorgia, and Corallium rather than the other
Pennatulacea, given the characteristic morphology of the pennatulaceans. Umbellula is
unique among the Pennatulacea, however, in that all of its autozooids form a cluster at the
end of its rachis (Hickson 1930). Morphologically, Umbellula does have similarities to
the alcyonacean species Anthomastus with which is it associated. Anthomastus is
dimorphic, as are Corallium and Paragorgia (also within that subclade). Anthomastus
possesses several large autozooids and many small siphonozooids, forming a distinct body
at the top of a stalk devoid of polyps (Bayer 1993a). Both Umbellula and Anthomastus
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have very large polyps. This resemblance is primarily superficial, however, and further
investigation concerning morphological similarities between Umbellula and Anthomastus
are necessary.
The unusual genus Dendrobrachia was clearly associated with the species of
Corallium and Paragorgia included in these analyses. Opresko and Bayer (1991)
concluded that Dendrobrachia was more closely related to the Family Chrysogorgiidae,
based on its resemblance to the two chrysogorgiid species Trichogorgia lyra and
Malacogorgia (=Trichogorgia) capensis. Dendrobrachia has a solid, chitinous axis devoid
of calcium, and no free sclerites. Malacogorgia capensis has an identical, chitinous axis,
and the axis of Trichogorgia lyra is similar but contains calcium deposits. Both
Trichogorgia lyra and Malacogorgia capensis lack free sclerites, making them the only
species of Scleraxonia or Holaxonia for which this is true (Opresko & Bayer 1991). The
representative of the Family Chrysogorgiidae in this analysis (Chrysogorgia chryseis)
branched within Clade A, as did Dendrobrachia, but Dendrobrachia could not be forced to
branch with Chrysogorgia or its sister taxa without reducing the likelihood of the tree
significantly (KH Test, P>0.05).
The morphological similarities of Dendrobrachia to Corallium and Paragorgia are
not clear. Although the axis of Corallium is solid, as in Dendrobrachia, it is entirely
calcareous (Bayer 1964). The axis of Paragorgia contains chitin as well as calcium, but its
central core is hollow (Bayer 1993b). There are no clear morphological connections
between Dendrobrachia and Corallium.
There is also morphological evidence for the association of the genera Anthomastus
and Paragorgia as found from 18S data (Fig. 3). Broch and Horridge (1957) proposed
uniting the two genera within the Family Paragorgiidae. Both genera are dimorphic, and
they share similar forms of sclerites. Broch and Horridge asserted that Anthomastus
differed from Paragorgia only in the lack of chitin in its central axis, a character they felt to
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be less important than the similarity in polyp and sclerite morphology. Bayer (1993a)
dismissed the importance of sclerite similarity, however, noting that the particular form of
sclerite the two genera share is fairly common among alcyonaceans.
The morphological similarities between Corallium and Paragorgia are numerous.
Paragorgia was historically considered to be in the order Alcyonacea (now the Suborder
Alcyoniina), but was later placed in the Suborder Scleraxonia (Bayer 1973). Their axial
structures differ slightly. The axis of Corallium is solid and exclusively calcareous,
whereas the axis of Paragorgia is chambered and contains both calcium and chitin. The
growth form and sclerite structure of Corallium and Paragorgia, however, are virtually
identical. Corallium and Paragorgia are the only genera within the Suborder Scleraxonia
exhibiting colony dimorphism (Bayer 1964). The close phylogenetic association of the two
genera is also indicated from mtl6S rDNA analyses (Fig. 5) (France et al. 1996).
The importance of skeletal structures has been implicit in the creation of the current
morphological taxonomy, specifically the subordinal divisions (historically ordinal
divisions). The appearance of members of all suborders in most of the clades in my trees
suggests that skeletal structure may not be the primary character indicative of evolutionary
patterns.
One character that did correspond roughly to the observed branching pattern was
the presence or absence of dimorphism in colony morphology. Dimorphism occurs in all
species of the Pennatulacea, as well as several species in the Family Alcyoniidae (Suborder
Alcyoniina), and the two families Coralliidae and Paragorgiidae (Suborder Scleraxonia).
The members of the Suborder Holaxonia are exclusively monomorphic, as are the members
of the Protoalcyonacea and the Stolonifera. The Order Helioporacea is also monomorphic
(Bayer 1973). There were two small clades of dimorphic species from my data: Clade B
contained the majority of the Pennatulacea, and half of Clade A contained the remaining
pennatulacean and the other dimorphic species in this analysis (Fig. 3). The taxa at the
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base of the pennatulacean clade (B) were monomorphic, but could be moved to clades A or
C without reducing the likelihood of the tree significantly. All of the species included in
our study from the Suborder Alcyoniina are monomorphic and fell in Clade C, with the
exception of Anthomastus which is dimorphic and branched with the dimorphic species in
Clade A. The correlation between the phylogenetic groupings I found within the Order
Octocorallia and monomorphism vs. dimorphism is striking.
The morphological similarities among the dimorphic species are so few, however,
that it would seem likely that dimorphism arose multiple times within the Octocorallia.
Morphologically, it is difficult to imagine a single common ancestor for all of the dimorphic
species. The monophyly of dimorphism can be forced topologically, however (Fig. 4),
without resulting in a significantly lower likelihood for the overall tree (KH Test, P<0.05).
Dimorphism may be a functional constraint, however, based on colony structure rather than
common ancestry. The branched, lobate, and massive octocorals are all dimorphic, which
suggests that dimorphism arose in response to the need for transporting water more
efficiently through a large structure (Bayer 1973). My analyses cannot reject either the
monophyly or the polyphyly of the dimorphic character.
The one clear exception to the pattern of dimorphism found in our trees was the
genus Dendrobrachia, which is entirely monomorphic, yet clustered tightly with the
dimorphic genera Corallium and Paragorgia. The simplest way to explain the association is
to assume the dimorphism trait was lost during Dendrobrachia's evolution, although more
evidence is needed to support such a conjecture.
The morphological characters used to derive the current classification system do not
appear to be reflected in the genetic associations I have found. The relative importance of
several of these characters to the evolutionary history of the octocorals needs to be re-
examined. The nuclear 18S rDNA gene, however, may not be appropriate for these
particular analyses. Although the 18S gene has been used to elucidate phylogenetic
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relationships at the taxonomic levels of order and suborder in previous studies of other
invertebrate taxa, the level of divergence 18S rDNA exhibited in the present study did not
allow me to distinguish definitive phylogenetic relationships within the Subclass
Octocorallia. Analyses of 18S rDNA sequences could not distinguish relationships within
a large subset of species within this subclass, those species branching in Clade C of our
analyses (Fig. 3). The high level of divergence found within families may reflect incorrect
familial designations within the octocorals. Indeed, Bayer (Bayer 1956) comments that
several genera are incorrectly included in existing families, and that these relationships need
to be reassessed in many cases. There were distinct phylogenetic groups indicated by 18S
sequence information, corresponding to the three clades we found, but relationships within
those clades remains equivocal. Sequences from a different gene, exhibiting higher levels
of divergence, may be necessary to delineate relationships beyond those found in this
study.
Conclusions
This study has shown that the traditional, morphological taxonomy of the Subclass
Octocorallia is not reflected in phylogenetic structure as indicated from 18S rRNA sequence
information. Three phylogenetically distinct clades were evident, but they do not
correspond to current subordinal divisions. Nuclear 18S rDNA sequence information did
indicate some genetic structure within the Octocorallia, particularly in Clade A (Fig. 3).
The largest clade (Clade C) contained nearly half of the species used in these analyses, but
the phylogenetic signal was so low that the relationships within this clade could not be
determined from these sequence data. A similar clade was also present in an earlier
analysis using mtl6S rDNA (France et al. 1996), which may indicate this is a ribosomal-
specific pattern. More likely, however, the branching similarity resulting from the two
independent data sets suggests that low levels of divergence are truly reflective of the
164
evolutionary history of these species. These low levels of divergence are suggestive of a
rapid radiation in the evolutionary history of these taxa. The morphological continuum
present within the Octocorallia and the lack of an extensive fossil record, however, make it
very difficult to substantiate such an hypothesis using these characters.
The two morphologically well-established orders, the Pennatulaca and the
Helioporacea, did not constitute entirely distinct genetic entities in these analyses. The
majority of the pennatulaceans in this study were grouped together in a monophyletic clade,
but the genus Umbellula was phylogenetically distinct from the other members of its order.
The level of divergence between Heliopora and the remaining Octocorallia was similar to
the divergence between the Pennatulacea and the Alcyonacea, but Heliopora clustered
tightly within the undifferentiated Clade C (Table 3). This close association suggests that
the Helioporacea are not highly differentiated from the Alcyonacea, although additional
specimens and complete sequences from the Helioporacea may be necessary to confirm this
hypothesis. Additional specimens from the Pennatulacea and Umbellula would be essential
for confirming or refuting the genetic divergence of Umbellula from the otherwise
monophyletic Pennatulacea.
The morphological characters of axial composition, sclerite form and arrangement,
and general colony configuration are the primary characters that have been used to create
the ordinal and subordinal groupings within the Subclass Octocorallia. There was very
little correlation between those characters and the phylogenetic groups indicated with 18S
sequence information. The character of monomorphism vs. dimorphism appeared
relatively consistent in the trees I have produced, as all of the dimorphic species in this
analysis clustered in two clades. The placement of the monomorphic genus Dendrobrachia
was the one exception to the unity of the dimorphism character. Dendrobrachia branched
very closely to the genera Paragorgia and Corallium, both of which are dimorphic. The
axial morphology of Dendrobrachia and its lack of sclerites suggest a closer affinity with
165
the family Chrysogorgiidae, which was not supported from these analyses. Further
morphological study and sequence information from additional genes will be necessary to
clarify the phylogenetic relationship of Dendrobrachia to the other octocorals.
This study constitutes a broad-scale survey of genetic differentiation of nuclear 18S
rDNA sequences across the entire subclass, representing the majority of the morphological
diversity present in the subclass. The morphological characters that have been used to
devise the traditional taxonomy of the octocoralsdo not correspond to the phylogenetic
divisions reflected in genetic sequence information. The phylogenetic structure that was
present indicated a well-supported clade primarily containing the dimorphic Scleraxonia,
and a large undifferentiated clade containing half of the species from these analyses. The
majority of the pennatulaceans formed a monophyletic group, with the exception of
Umbellula. The remaining species fell into weakly-supported clades that could be moved
without reducing the likelihood of the tree significantly. This branching pattern was upheld
by analyses of mt 16S rDNA, which constitutes a second independent molecular character.
The importance of the morphological characters used to create the traditional taxonomies
may need to be reassessed as they relate to the evolution of these species. Additional
characters will be required, either morphological characters or sequences from additional
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The goal of this thesis project was to build a more complete molecular phylogeny of
the Class Anthozoa than currently exists, based on the nuclear 18S rRNA gene. I
addressed four primary questions concerning the phylogenetic divisions within the
Anthozoa. In Chapter 3, I examined the subclass divisions within the Anthozoa,
specifically to address the evolutionary relevance of the Subclass Ceriantipatharia. The
orders Ceriantharia and Antipatharia were originally classified in the Subclass Hexacorallia,
but were subsequently assigned to their own subclass. Previous molecular studies had
suggested that the orders Ceriantharia and Antipatharia are genetically disparate, but the
taxonomic sampling in those studies was insufficient to determine the precise affinities of
the two orders relative to the remaining Anthozoa.
My analyses showed the orders within the Subclass Ceriantipatharia (Antipatharia
and Ceriantharia) to be genetically dissimilar. Therefore, this subclass does not represent
an evolutionarily relevant grouping. The Antipatharia were most closely related to the
Zoanthidea (Subclass Hexacorallia), and the Ceriantharia appeared to be ancestral to the
Hexacorallia. The exact phylogenetic position of the Ceriantharia, however, could not be
determined with these sequence data.
I also examined the ordinal divisions within the Hexacorallia and the
Ceriantipatharia in Chapter 3, to determine if the morphologically derived divisions are
monophyletic or polyphyletic. The Order Scleractinia was monophyletic based on previous
studies of both nuclear 18S rDNA and 28S rDNA, but polyphyletic based on mitochondrial
16S rDNA. The Order Actiniaria appeared to be monophyletic based on mt 16S rDNA, but
was polyphyletic from the 18S and 28S studies. The 28S rDNA sequence information
suggested the Order Corallimorpharia is also polyphyletic.
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The Subclass Octocorallia and the hexacorallian orders Antipatharia, Zoanthidea and
Actiniaria were each monophyletic based on my 18S sequence analyses. The Scleractinia
and Corallimorpharia appeared to be polyphyletic and were closely associated with each
other, but their exact relationship could not be determined reliably with these data. These
data also could not be used to distinguish the branching hierarchy for the orders within the
Hexacorallia.
Chapter 4 addressed the phylogenetic divisions within the Subclass Octocorallia.
Traditional taxonomy was based on very few morphological characters, and the
evolutionary significance of any given character is unclear. The traditional taxonomic
system divided the subclass into seven orders. Recent taxonomic revisions retained two of
the orders (Helioporacea and Pennatulacea) but combined the remaining species into a
single order (Alcyonacea) with five subordinal divisions. Mitochondrial 16S rDNA
suggested that neither the historical ordinal-level nor the current subordinal-level divisions
correspond with the genetic structure of the subclass. I included a more thorough
taxonomic sampling in the present study, in order to produce a more complete picture of the
phylogenetic structure present within the subclass.
Several specimens for this chapter were alcohol-preserved, acquired from museum
collections. I have described the molecular methods I used for determining sequences from
these specimens in Chapter 2. Much of the DNA from these specimens was degraded, and
standard PCR amplifications were usually unsuccessful. Using an extended DNA
extraction protocol combined with PCR reamplifications using taxon-specific primers,
sequences of length 700-1800 bp were determined from specimens that had been preserved
up to fifty years.
My phylogenetic analyses indicated that the morphologically distinct groups within
the Subclass Octocorallia do not constitute phylogenetically distinct entities. Three
phylogenetic clades were present within the subclass, none of which corresponded to the
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traditional morphologically based divisions. The Pennatulacea were primarily
monophyletic, but the pennatulacean genus Umbellula branched with the dimorphic
alcyonaceans. The Helioporacea did not appear to be phylogenetically dissimilar from
species of the Order Alcyonacea. The morphological character of colonial dimorphism was
loosely correlated with phylogenetic structure, but this association was not well-supported.
Nearly half of the species in this study, including representatives from all five suborders of
the Alcyonacea, clustered together in a large, undifferentiated clade. The low levels of
genetic divergence within this clade suggest a rapid radiation of species occurred at some
point in the evolutionary history of the Anthozoa.
Chapters 3 and 4 include an examination of the phylogenetic affinities of two
species with enigmatic morphologies, Dactylanthus antarcticus (representing the Order
Ptychodactiaria) and Dendrobrachia paucispina. The Ptychodactiaria were originally
classified as members of the Order Actiniaria (the anemones), although their musculature,
nematocysts and mesenterial structure differ from the Actiniaria. In 1949, separate ordinal
distinction for the Ptychodactiaria was established with the argument that the
Ptychodactiaria represent a separate evolutionary line. In my sequence analyses,
Dactylanthus branched within the Actiniaria, most closely with the Tribe Athenaria. The
close association of Dactylanthus with the Athenaria suggested that the ordinal-level
distinction of the Ptychodactiaria was phylogenetically unwarranted.
Dendrobrachia paucispina was originally classified with the Order Antipatharia (the
black corals) based on its axial morphology, but was recognized at the time as anomalous
compared to the other antipatharians. Subsequent examinations of the polyp morphology
suggested Dendrobrachia was more closely related to the chrysogorgiid octocorals
(Alcyonacea: Holaxonia). Based on my 18S sequence analyses, Dendrobrachia was
closely affiliated with the Octocorallia. The affinity of Dendrobrachia with the Octocorallia
rather than the Antipatharia suggests that polyp morphology, not axial morphology, is more
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indicative of the evolutionary ancestry of this group. Dendrobrachia fell within the clade
containing the Family Chrysogorgiidae, but was actually more closely related to species of
Corallium and Paragorgia. Morphological characters that support this association are
unclear.
This thesis project represents the most comprehensive molecular phylogenetic
analysis of the Class Anthozoa to date. Complete sequences from the nuclear 18S rRNA
gene were determined from 58 species, representing all extant orders of the subclasses
Hexacorallia, Octocorallia and Ceriantipatharia, and 22 of the 30 families within the
Alcyonacea (Subclass Octocorallia). Sequences from 19 species in GenBank were also
included in the analyses. Previous molecular studies have addressed phylogenetic
relationships within the Class Anthozoa, but they all used limited taxonomic sampling and
relatively simple methods of analyses. The more thorough taxonomic sampling of this
project helped further clarify a number of the relationships examined in other studies. The
use of maximum likelihood techniques and realistic evolutionary models for the analyses of
these sequence data yielded results that could be compared statistically to alternate
hypotheses suggested in other studies.
This characterization of phylogenetic relationships gives us a greater understanding
of the evolutionary progression within the Class Anthozoa. The simple morphologies of
the species in this group make it difficult to establish taxonomic divisions based solely on
morphological characters. As a result, the traditional taxonomy of this group often depicted
'categories' of species based on similar convergent morphologies rather than evolutionarily
relevant associations. This project helped illuminate the morphological characters that may
have greater significance in retracing the evolution of the Anthozoa. Anthozoans are
significant members of nearly all marine environments, and a better understanding of their




This thesis project included complete 18S rDNA sequences from a very thorough
representation of the species within the Class Anthozoa, and used relevant evolutionary
models to analyze them. Although these analyses could clearly demonstrate some aspects
of the phylogenetic associations within the Anthozoa, a number of relationships could not
be determined from these sequence data. The nuclear 18S gene had sufficient phylogenetic
signal to establish the primary divisions within the class, but could not resolve many of the
associations among those divisions. Although the Ceriantharia were clearly divergent from
the remaining Anthozoa based on these 18S sequences, their precise phylogenetic position
remains equivocal. Similarly, the relationship between the orders Corallimorpharia and
Scleractinia could not be clearly established with 18S information. Sequence information
from additional taxa and different genomic regions will be necessary to further clarify these
relationships.
There is grandeur in this view of life, with its several powers,
having been originally breathed into a few forms or into one;
and that, whilst this planet has gone cycling on
according to the fixed law of gravity, from so simple a beginning
endless forms most beautiful and most wonderful
have been, and are being, evolved.
--Charles Darwin





Appendix 1 Full alignment of 18S rDNA sequences for Chapter 3, shown
in NEXUS format for PAUP*. Positions removed for
analyses:
1-48, 63, 107-113, 136, 171-184, 214-233, 242-264,
299-308, 318, 400, 528-529, 533, 537, 566, 572, 718-724,
782-785, 789, 835-837, 913, 948-949, 1314, 1443-1455,
1483-1484, 1578-1581, 1774-1816, 1829-1887.
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#NEXUS
[gde4153_0 -- data title]
[Name: AnemoniaGEN Len: 1887 Check: 5B6D5B1E]
(Name: AnthopleuraGEN Len: 1887 Check: 2AD7C37]
(Name: Anemonel Len: 1887 Check: 94DAOBF6
[Name: Lepidisis Len: 1887 Check: 492A4A84]
(Name: Acanthogorgia Len: 1887 Check: 36E957641
[Name: BellonellaGEN Len: 1887 Check: AOBBC1C6
[Name: Protoptilum Len: 1887 Check: 685611E5]
[Name: N_bowersi Len: 1887 Check: 4EDODOE8]
(Name: Stichopathes Len: 1887 Check: 5EC55CE3]
(Name: Hormathiid Len: 1887 Check: F6DA4FF9]
(Name: Ceratotrochus Len: 1887 Check: 41AADF29]
[Name: Phyllangia Len: 1887 Check: B78D907D]
[Name: Cerianthus Len: 1887 Check: BE396127]
[Name: ParazoanthusGEN Len: 1887 Check: E31BCBC3I
(Name: Enallopsammia Len: 1887 Check: EAF80550]
[Name: Ceriantheopsis Len: 1887 Check: EF248F91]
[Name: Zoanthidl Len: 1887 Check: 87EDB2FO]
(Name: Corynactis Len: 1887 Check: 3D3D168E]
[Name: Dactylanthus Len: 1887 Check: D3AA48F5]
[Name: Haloclava Len: 1887 Check: DOE3CE6B
[Name: Acanthoptilum Len: 1887 Check: CCE4F901]
[Name: Metridium Len: 1887 Check: 4AOCFCFC]
[Name: Fungia Len: 1887 Check: D345338F]
[Name: Bathypathes Len: 1887 Check: 631F858F]
[Name: Taiaroa Len: 1887 Check: BOF3F3361
[Name: Tubipora Len: 1887 Check: 552C9EF7)
[Name: Pavona Len: 1887 Check: 8F1606581
[Name: Stomphia Len: 1887 Check: 23992928]
[Name: Discosoma Len: 1887 Check: E4FE24BE]
[Name: Palythoa Len: 1887 Check: D2C86509]
[Name: Antipathes Len: 1887 Check: A9DO9CB2]
[Name: Cirripathes Len: 1887 Check: F5D12F94]
[Name: AntipatGEN Len: 1887 Check: 6CE78DDD]
[Name: EpiactisGEN Len: 1887 Check: 19653AAC]
[Name: FlosmarisGEN Len: 1887 Check: 22490A6C)
[Name: RhizopsammiaGEN Len: 1887 Check: A1CD2050
[Name: TubastraeaGEN Len: 1887 Check: B814A120]
[Name: Umbellula Len: 1887 Check: 38E3C12E]
[Name: Renilla Len: 1887 Check: 8D5CF11C]
[Name: Dendro2 Len: 1887 Check: 557B60AE
[Name: Briareum Len: 1887 Check: BE36FDDF
(Name: MnemiopsisGEN Len: 1887 Check: 9B6ADOD2]
(Name: SelaginopsisGEN Len: 1887 Check: 9EE1A47D]
[Name: Beroe Len: 1887 Check: 8C4420AB]
[Name: Scypha Len: 1887 Check: 81098B1A]
[Name: Tetilla Len: 1887 Check: DB6D054C]
[Name: Tripedalia Len: 1887 Check: 33CFC6E6]
(Name: Trichoplax Len: 1887 Check: 3B3CBA1F]
begin data;
dimensions ntax=48 nchar=l887;
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CCTTTCTGGTCT-CAT- - - -










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































AnemoniaG ---- -G-CGGAC-TGCCGAGA AGTTGTTCAA-ACTTGATCA







- --- -G-CGGA- -TGCCGAGA
---- -G-CGGAC-TGCCGAAA
- -GGGGCGGATTTGCCGG;AA









- --- GACGGAC- -GCCGAGA
- --- -GC-GGAC-TGCCGAAA
- --- -GCCGGA- -TGCCGGAA
--- GC-GGA--TGCCGAGA
























Tubipora C --- GCCGGAC- -GTCAAAA AGTTGGTCAA-ACTTGATCA








- --- -GC-GGA- -TGCCGAGA
- --- -GCCGGA- -TGCCGGAA
- --- -GGCGGATT- -TCGGGA
---- -GACGGA- -CGCCGAAA
---- GACGGAG--GCCGAGA
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Appendix 2 Full alignment of 18S rDNA sequences for Chapter 4, shown
in NEXUS format for PAUP*. Positions removed for
analyses:
189-197, 253, 372, 472-474, 501-502, 509, 597, 762-767,



























































































































































































































format datatype=dna interleave missing=X gap=-;
matrix
AnemoniaG CTAAGTATAAG--CACTT-- GTACTGW-AAACTGCGAAT GGCTCATTAAATCAGTrATC GTTTATTTGAT7uTACG-TA
Hormathii CTAAGTATAAG--CACTT-- GTAC7G7G-AAAc7ucGAAT oGcTcATTAAATCAG7TATc GTTTATTMATTGTACC-TA
Narellanu CTAAGTACGAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATCGTACCATA
Lepidisis CCAAGTACGAG--CACTT-- GTACTG7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATTGTACCATG
Orstomisi CCAAGTACGAG--CAC7r-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATTGTACCATG
Umbellula CTAAGTACGAG--CAC7T-- GTACIGTG-AAACTGCGAAT TGCTCA7TAAATCAGTTACC ATTTATTTGATTGTAC--TA
Paramuric CTAAGTATAAG--CACTT-- GTAC7GT(;-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTrrATTTGAMTACTCTA
Acanthogo CTAAGTATAAG--CACTT-- GTACTG7G-AAACT(;CGAAT GGCTCATrAAATCAGTrATC GTTTATTIGATTGTACTCTA
Taiaroa CTAAGTATAAG--CACTT-- GTACTGTG-AAAC79CGAAT GGCTAATTAAATCAGTTATC GTrrATTTGATIGTACTCTA
Bellonell CTAAGTATAAG--CACTT-- GTACTGT(;-AAACTGCGAAT GGCTCATTAAATCAGTrATC GTTTATTTGATTUTACTCTA
Protoptil CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTrrATTTGATTGTACC-TA
Anthomast CTAAGTACGAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTWATTGTAC--TO
Narellabo CTAAGTACGAG--CAC7T-- GTACTGTG-AAAC7GCGAAT GGCTCATTAAATCAOTTATC GTTTATTTGATCGTACC-TA
Protodend CTAAGTATAAG--CACTT-- GTACIG7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATrMATIGTACTCTA
Tubipora CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTAT-C GTTTATTTGATTGTACCCTA
Paragorgi CTAAGTACOAG--CACTT-- GTACTG7G-AAACTGCGAAT GGCTCATTAAATCAGTTAGC GTTTATTTGATTUTACC-79
Lophogorg CTAAGTATAAG--CACTr-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTAT7MATTGTACTCTA
Chrysogor CTACGTACGAG--CACTT-- GTACTGTG-AAACT(;CGAAT GGCTCATTAAATCAGTTATC GTrrATTTGATTGTACC-TA
Acanthopt CTAAGTAT(;AG--CACTC-- GTACTGTG-AAAC7GCGAAT GGCTCATTAAATCAGTTATC GTTTATTMATMTACCTTA
Clavulari CTAAGTATAAG--CACTT-- GTACTG7G-AAACTGCGAAT GGCTCATTAAATCAGTrATC GTTTATTTGATMTACTCTA
Corallium CTAAGTACGAG--CACTT-- GTACT(;TG-AAACIGCOAAT GGCTCATTAAATCAGTTATC GTrrATTMATTGTACCTTG
Renilla CTAAGTATAAG--CACTT-- GTAC7GTG-AAACIGCGAAT GGCTCA7TAAATCAGTTATC ATTTATTTGATTGTACC7rA
Stylatula CTAAGTATAAG--CACTT-- GTAC7G7G-AAACTUCGAAT GGCTCATTAAATCAGTTATC GTTTATrMATTGTACCTTA
Virgulari CTAAGTATAAT--CACTT-- GTACIG7G-AAACWCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATTGTACATTT
Leioptilu CTAAGTATAAG--CACTr-- GTAC7GTG-AA-CTGCGAAT GGCTCA7rAAATCAGTTATC GTTTATTTGATTGTACCTTA
Alcyonium CTAAGTATAAG--CACTT-- GTAC7GTG-AA-CTGCGAAT GGCTCATTAAATCAGTTATC GTTTATIMGATTGTACCCTA
Ckischl CTAAGTACGAG--CACTT-- GTACTG7GGAAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTMA7MTACCTTG
Lemnalia CTAAGTATAAG--CACTT-- GTAC7G7G-AAACWCGAAT GGCTCATTAAATCAGTTATC GTTTATMArMTACCCTA
Xenia CTAAGTATAAG--CACTT-- GTACTG7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC ATTTATTTGATIGTACTATA
Calicogor CTAAGTATAAG--CACTT-- GTACTGTG-AAACT(;CGAAT GGCTCATTAAATCAGTTATC GTrrATTMAT9MTACTCTA
Euplexaur CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTrrAT7MATIGTACTCTA
Anthoptil CTAAGTATAAG--CACTT-- GTACWW-AAACwcGAAT GGcTcATTAAATcAGTTATc GTTTATrmATTGTAACcTA
Eunicea CTAAGTATAAG--CACTT-- GTAC7979-AAAC9MCGTAT GGCTCATTAAATCAGTTATC GTITATTTGATTIGTACTCTA
Anthothel CTAAGTATAAG--CACTT-- GTACTG7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATTGTACTCTA
Telestula CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGTTIGTACCTTA
Briareum GTAAGTATAAG--CACTCTT GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTT(;ATTIGTACCTTA
Siphonogo CTAAGTATAKG--CACTr-- GTACTGTG-AAACTGCGAAT GGCTCATrAAhTCAGTrATC GTTTATTTGATTGTACTCTA
Helitella CTAAGTATAAG--CACTT-- GTACTGTG-AAACIGCGAAT GGCTCATTAAATCAGTTATC GTTTATMATTGTACTCTA
Calcigorg CTAAGTATAAG--CACTT-- GTACTGTG-AAACWCGAAT GGCTCATTAAATCAGTTATC GTTTATTMATIGTACACTA
Juncee2 CTAAGTATGAG--CACTT-- GTACTGTG-AAAC79CGAAT GGCTCATTAAATCAGTTATC GTTTATTTIGATMTACCTTA
Coelogorg CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCATTAAATCAGTTATC ATTTATTTGATTGTACTCTA
Erythropo CTAAGTATAAG--CACTT-- GTACIGIG-AAAC7GCGAAT GGCTCATTAAATCAGTTATC GTTTATTTGATTGTACCCCA
Junceella CTAAGTATAAG--CAC7T-- GTACTGT(;-AAACMCGAAT GGCTCATTAAATCAG7TATC GTTTATTMATTUTACCTTA
Heliop2 CTAAGTATAAG--CACTT-- GTAC7G7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTTTATTIGATTGTACCCTA
Plumigorg XXXXXXXXXXXXXXXXXXXX xxxxxxxxxXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
Dendro2 CTAAGTACGAGA-CAC7T-- GTAC7G7G-AAAC79CGAAT GGCTCA7TAAATCAG7TATC GTTTATTTGATTIGTACCTIG
Selaginop CTAAGTATAAG--CACTT-- GTACTGTG-AAACTGCGAAT GGCTCArrAAATCAGTTATT GTTTACTTGATTGTACACT-
Beroe CTAAGTATAAA--CTT7T-- ATACOG7G-AAACTGCGAAT GGCTCATTAAATCAGTTATC GTCTATT79ATT07UCCCTA
Mnemiopsi CTAAGTATAAA--CTTTT-- ATACTGTG-AAACIGCGAAT GGCTCA7TARATCAGTTATC GTCTATTTGATIG7GCCCTA
Scypha CTAAGTATAAGCGTTCTT-- ATACT(;TG-AAACIGCGAAT GGCTCATTAAATCAGTTATA GTTTATTTGATGTTGACTTA
Tripedali cTAAGTATAAG--cAc7r-- GTACTG7G-AAAC79CGAAT GOCTCATTAAATCAGTTATC GTTTACTTGATCGTA --- TC
Trichopla CTAAGTATAAG--CACTT-- GTAC7GTG-AAAC7GCGAAT GGCTCATTAAATCAGTrAIC GTTTATTTGATCGTACArrA






















































AnemoniaO AATTCTAGAGCTAATACATG c A-AGAGTCCCGACTTCT- GGAAGGGAgTATAT?1AG A71'CAAAACCAATGCGGGT C-TGCCCGGTGCT ---- T1'G
Hormathii AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTrCT- GGAAGGGATUTATTTATTAG TTCAAAACCAATGCGGGTT C- CCCGGTCT- ---- -TT
Narellanu AATTCTAGAGCTAATACA1'G C A-AAAGTCCCGACTTCT- GGAAGGGATGTATI'TATTAG ATI'CAAAACCGATGcGGGTT CGCGCCCGG'rCAT- --- T
Lepidisis AATTCTAGAQCTAATACATG C A-AAAGTTCCGACTTCT- GGAAGGATGTAmATTAG Ar'CAAAACCAATGCGGGTP CACGCCCGGTACC- ---I
Ore tomisi AATTCTAGAGCTAATACATG C ;A-AAAGTTCCGACII'CT- GGAACGGATTAWTATAG ATTCAAAACCAATGCGGGTI' CACGCCCGGTACT- --- -T
umbellula AA'NTCTAGAGCTAATACATG CGA-AAAGTMCCCGACTrCT- GGAAAGGATCATrI'TTAG ATrAAAAACCAGATCGGGTT CACGCCCG- -ACTACAITO
Paramuric AATCTAGAGCTAATACATO CGA-AAAGTCCCGACTCTCG GGAAGGGATGTATTTAT1'AG ATTAAAAACCAATGCGGCTT CGCGOCCGCTTACCCACTTG
Acanthogo AATTCTAGAGCTAATACATG C A-AAGGTCCCGACTCTCG GGAAGGGATTAmTATTAG ATTAAAAACCAATGCGGCTT AACGGCCGCTTACCCACTTrQ
Taiaroa AATTCTAGAGCTAATACATO CGA-AAAGTCCCGACTCTCG OGAAGGGATGTAWTATTAG TTAAAAACCAATGCOGCT cCGGCCGCTTACCCAC1T1'
Bellonell AATTCTAGAGCTAATACATG COA-AAAGTCCCGACTCTCG GGAAGGGATGTATrrTI'?AG ATAAAAAccAAT(GCGGCTT AACGGCCGCTTAACCACTTG;
Protoptil AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTTCT- GGAAOGGATTATATTAG GTTAAAAGCCAAGCOGGGT CACGCCCGGTI'CC ---- TTG
Arthomast AATTCTAGAGCTAKTACATG CTG-ARAG'rCCCAACTGCT- GGAAGGGACGCATTGATTAG ATTAAAAACTAATGCAGGTT OGCGCCTGG1-rCG --- T
Narellabo AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTTCT- GGAAOOGATG3TATTTATTAG ATTCAAAACCGATGCGGGTT CGCGCCCGGTCAT --- TTG
Protodend AATTCTAGAGCTAATACATG; C A-AAAGTCCCGACTCTCG GGAAGGGAG(TA7P1TATrAG A1 TAAAAACCAATOCGGCT CGCGGCCGCTTACCCACTT(G
Nubipora AATTCTAGAGCTAATACATG C ;A-AAAGTCCCGACTCT GoAAGGGATGTATrrATI'AG ATTAAAAAccAATOCGGCTT CGCGGCCGCTCAACCACTTG
Paragorgi AATTCTAGAGCTAATACAT(O CGA-AAAGTCCGACTACT- GGAAGGGATGCAT'OATI'AG TTTAAAACCGA79CAGGTG TAGGCCTO;GTPG- --- T
Lophogorg AATTCTAGAGCTAATACATO CGA-AAAGTCCCGACTCTCG GGAAGGGATGTATrI'ATrAG ATTAAAAACCAA79CGGCTT AACGGCCGCTTACCCACT(
Chrysogor AATTCTAGAGCTAATACATG C A-AAAGTCcCGACTTCT- GGAAGGGATOTATI'TAT1'AG ATTCCACGCCAATACGAGCT CQOCTCQGTTTC- --- TT
Acanthopt AATI'CTAGAGCTAATACATG CGA-AGAGTCCCGACTTCC- GGAAGGGATGTAWrATTAG AlrrAAAAGCCAAACCG79CG CAAGCGCGGCCI' ---- CT(
Clavulari AATI'CTAGAGCTAATACAIG CGA-AAAGTCcCGACTCTCG GGAAGGGATI ATTTATTAG ATIAAAAACCAATGCGGCT CGCGGCCGCT1'ACCCACW
Corallium AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTACT- GGAAGGGATGCATM'AT1TAG ATI'TAAAACCGATGCGGG7G TACGCCTO;CT1 '---- -TTO
Renilla AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTYT- GOAAGGATGTAmTATTAG ATTAAATACCAATGCGGACG TAAGTCCGGTTCT --- W
Stylatula AAI 'CTAGAGCTAATACATG CGA-AAAGTCCCGACTTCT- GGAAGGGATTAmTATTAG ATTTAATACCAATGCGGGT CACGCCCGGTTICT- --- TTG
Virgulari AATTCTAGAGCTAATACATG C A-AAAGTCCCGACrCTr GGAAGGGATGTAWTATTAG TTAAATACCAATGCGGr CACGCCCGGTTCT- --- -T
Leioptilu AATTCTAGAGCTAATACATO CGA-AAAGTCCCGAC'N'C-- GGAAGGGATTATATT AG AT1'AAATACCAATGCGGCAA TA-GCCCGGTCTT --- T
Alcyonium AATTCTAGAGCTAATACAI'O CGA-AAAGTCCCGAcTCTCG GGAAGGGATOTATTrA'rTAG A'rrAAAAAccAATGCOG-CTT CGCGGCCGCTI'ACCCACTrG
C-kischi AAN'CTAGAGcTAATAcATG; CTA-AAAGTCCCGACTACT- GGAAGGGATGCATTGATTAG AmrAAAACCGATCAGGTG 1-rCGCC7GGTTG;-- -- TT
Lennalia AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTCTCG GGAAGGGATGTATI'TATTAG AT1AAAAACCAATGCGGCTT CACGGCCGCTAACCACTWG
Xenia AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTTZ 'G GGAAGGGATGTATN'ATTAG TTAAAAACCAATGCGGCTI' AACGGCCGCAAAACCCAT
Calicogor AATTCTAOAGCTAATACATG C A-AAAGTCCCGACTCTCG GOAAGGGATTAWTATTAG AI 'AAAAACCAATGCGGCTT AACGGCCGCTACCCAC1G 
0
Euplexaur AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTCTCG GAAGGGATGTAmTATTAG ATAAAAAccAATGCGGCTI' AACGGCCGCTTACCCACTI'G 
0l
Arthoptil AAI'CTAGAGCTAATACATG CGA-AAAGTCCCGACT'rCT- GGAAGGGATGTATI'TATTAG ATTAAAAACCAAGCGGGTT CACGCCCGGATIT- ---- T1'O
Eunicea AATTCTAGAGCTAATACATG CQA-AAAGTCCCGACTCTCG GGAAGGGATTAmTATTAG ATTAAAAACCAAI';G-cTT CGCGGCCGCT1'CT-CACTTW
Anthothel AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTCTCG GGAAGGGA7GTAP1'ATTAG ArI'AAAAACCAATGCGGCTT CGCGGCCGCTI'ACCCACTFO;
Telestula AATTTTAGAGCTAATATATG C A-AAAGTCCCGACTTm GGAAGGOATGTATTTATTAG ArrAAAAACCAA7GCGGGTT CACGCCCGGTAT --- - I
Briareum AATTCTAGAGCTAATACATO CGA-AAAGTCCCGACTTCT GGAAGGGATGTATTTATI'AG ATTAAAAACCAATG;CGGGTT AACGCCCGGTOTO- --- TTG
Siphonogo AATI'CTAGAGCTAATACATO; CGA-AAAGTCCOACTCTCG GGAAGGGA7GTATTTATI'AG TTAAA ACCAATGCGGCTT CGCGOCCGCTTACCCACTT
lmelitella AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTII'CG GGAAGGGATGTATI'TATI'AG ATI'AAAAACCAATGCGGC?1' AACGGCCGCTI'AACCACTTG
Calcigorg AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTCTCG GGAAGQGAIGTATI 'ATTAG AI 'AAAAACCAATGCGGCTT CGCGGCCGCTrACCCACTTG;
Juncee2 AATTCTAGAGCTAATACATG C A-AAAGTCCCGAC?1'C- GOAAGGATGTAWfATTAG ATrAAAAACCAAT(3CGGG?1' CGCGCCCGGC'Tr ---- TTG
Coelogorg AATTCTAGAGCTAATACATG C A-AAAGTCCCGACI l'M GGAAGGGA7GTATTI'TTAG A?1'AAAAACCAATGCGTCTT CACGGCCGCTCAACCAATTQ
Erythropo AATTCTAGAGCTAATACATG C A-AAAGTCcCGACTCTT- GAAGOAWTATTTATTAG A'IIAAAAACCAATGCGGGTI' CACGCCCGGTCTC --- 7
Junceella AATTCTAGAGCTAATACATO CGA-AAAGTCcCGACTTCC- GGAAGOATGTA7ATTAG ATTAAAAACCAATGOGGTT CACGCCCGGCTTT ---- TG
Heliop2 AATTCTAGAGCTAATACA7G CGA-AAAGTCCCGACTCTCG GGAAGATGTATATTAG A'IAAAAACCAATGCGGCT CGCGGCCGCT1TACCCACTTG
Pluaiigorg XXXXXX XXXXXXX xxxxxxxx XXXXXXXXXXXXXXXXX Y V X XX MVVMYMxxxxxxx xx1flfl(XxxxCY xx
Dendro2 AATTCTAGAGcTAATAcA7G CGA-AAAGTCCCGACTACT- GGAAGWA7GCATTrGA G ATTAAAACCGATGCGGOTG TACGCCTGCTTTG- --- -
Selaginop AATTCTAGAGCTAATACA7G CGA-AATCTCCCAACTII'AC GGAAGGGAGTATTTAII'AG AGTAAAAACCAATGGAGTCT TCGGGGCTCGCATTA--AAG
Beroe AATTCTAGAQCTAATACA7G CGA-AAAGTCCCGACTI'C-- GGAAGGGATUTATTTATTAG ATTAAAAGCCAAGCGmT AACGACGCTTI---- TCG
Knemiopsi AATTCTAGAGCTAATACATG C A-AAAGTCCCGACTTCT- GGAAGGAGTATPATTAG AT'1AAAAACCAATCGmr AACGACGCTI---- TrcG
Scypha AATTCTAGAGCTAATACA7G CGTTAAAGTCC1GACcT-CTC GGAAGGGAIGTA 1'ATI'AG ATCCAAAACCGATGCAGT-CG AAAGGCT;G -- TTATT1G
Tripedali AATTCTAGAGCTAATACATG C A-AAAGTCCCGACCTCT- GOAAGGGATG;TATTTATTAG ACTAAAAGCCAATACCGGT TCGCGACCGG--TTCTATFG
Trichopla AATI'CTAGAGCTAATACATG; C A-AAAGTCCCGACTT TGC GGAAGGGATOTATAT1'AG ATCAAAAACCAATGCGGGCT TGCCCGGTGT --- T
Tetilla AATI'CTAGAGCTAATACAIG C-ACAAGGTCCC-AcTTr- GGGAGGGACGTATTTATTAG TCCAAAACCAGCCGGGCTC CT GTGGTCCCGGTCCCTGG
GTGA'N'CATAGTAACTGATC GAATCGCAGGCCTT --
GTGA'NCATAATAACTTTC GAATCGCACGGCCT--
GGATCATAGTAACTGTTC GAATCGCATGGCCTTT~ - ---
GTGATTCACAATGACTCTGC GAATCGCATGGCCT1T- - ---
























































































GAATCGCATGGCC'rTCACTT T- -GCGCCGGCG-ATGTTrC ATrCAAATTrCTGCCCTATC



























































































































































































































































































GGG7GACGGAGAAT-CAGM TTCGATTCCGGAGAGGGAGC CTGAGAAACGG-CTACCACA TCCAAGOAAGGCAGCAGGCG
GGG7GACGGAGAAT-CAGGG TTCGATTCCOGAGAGGGAOC CT(;AGAAACGG-CTACCACA TCCAAGOAAGGCAGCAGGCG
CGG79ACGGAGAATr-AGOG TTCGATTCCOGAGAGGGAGC CTGAGAAACGG-CTACCACA TCCAAGGAAGGCAGCAGGCG











































































































GGGTGACGGAGAATT-GGGG TTCGATTCC(;GAGAGGGAGC CTGAGAAACGG-CTACCACA TCCAAGGAAGGCAGCAGGCG





















AnemoniaG CGCAAA7TACCCAATCC-TG ACTCAGGGAGGTAGTGACAA GAACTAACAATACAGGGCTT TTGT-AAGTCTT--GTAA-T TGGAATGAGTACAACTTAAA
Hormathii CGCAAATTACCCAATCC-TG ACTCAGGGAGGTAGTGACAA GAAATAACAATACAGGGCTT ITCT-AAGTCTT--GTAA-T WGAATGAGTACAACTTAAA
Narellanu CGCAAATTACCCAATCC-TG ACGCAGGGAGGTAGTIGACGA AAAATAACAATACAGGGCTT TTC--AAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Lepidisis CGCAAATTACCCAATCC-TG ACACAGGGAGGTAGTGACGA AAAATAACAATACAGGGCTT TTC--AAGTCTT--GTAA-T TGGAATIGAGTACAATTTAAA
Orstomisi CGCAAATTACCCAATCC-TG ACACAGGGAGGTAGTGACGA AAAATAACAATACAGGGCTT TTC--AAGTCTT--GTAA-T TGGAATGAGTACAATCTAAA
Uffbellula CGTAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACGA AAAATAACAATACAGGGCTC TACG--AGTCTT--GTAA-T TGGAATGAGACCAATATAAA
Paramuric CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCrr TTrMTAGTCTT--GTAA-T TGGAATIGAGTACAATrTAAA
Acanthogo CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT T711MAAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Taiaroa CGCAAATTACCCAATCC-IG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TTTTIGTAGTCTT--GTAA-T TGGAATGAGTACAATITAAA
Bellonell CGCAAATTACCCAATCC-TG ACG7UGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT Tl'rMTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Protoptil CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTC TTCG--AGTCTT--GTAA-T TGGAATf.AGTACAATrrAAA
Anthomast CGTAAATTATCCAATCC-TG ACACAGGGAGGTAGTGACGA AAAATAACAGTGCAGGGCTT TTA--AAGTCTT--GTAA-T TGGAATGAGTACAACTTAAA
Narellabo CGCAAATTACCCAATCC-TG ACGCAGGGAGGTAGTGACGA AAAATAACAATACAGGGCTT TTC--AAGTCTT--GTA -T TGGAATGAGTAcAA7-rrAAA
Protodend CGCAAATTACCCAATCC-IM ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTr TrMTAGTCTr--GTAA-T TIGGAATGAGTACAATTTAAA
Tubipora CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAhTACAGGGCTT T7'ITGTAGTCrr--GTAA-T TGGAATGAGTACAATTTAAA
Paragorgi CGTAAATTACCCAATiCC-7G ACACAGGGAGGTAGTGACGA AAAATAACAATACAWGCTT 7'rC--AAGTCTT--GTAA-T TGGAATGAGTACAGCTTAAA
Lophogorg CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TT7mTAGTCTT--GTAA-T TGGAATGAGTACAATrrrAAA
Chrysogor CGCAAATTACCCAATCC-TG ACGCAGGGAGGTAGTiGACGA AAAATAACAATACAGGGCTT TTC--AAGTC7,r--GTAA-T TGGAATGAGTACAATTTAAA
Acanthopt CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTC TTCG--AGTCTT--GTAA-T TIGGAATGAGTACAATTTAAA
Clavulari CGCAAATTACCCAATCC-TG ACG7GGGGAGGTAGTGACAA AAAATAACAATACAGGGcrr TI'ITGTAGTCTT--GTAA-T TGGAATGAGTACAATrrAAA
Corallium CGTAAATTACCCAATCCCTG ACACAGGGAGGTAGTGACGA AAAATAACAATACATGGCTT rrc--AAGTcTT--GTAA-T TiGGAATGAGTACAAC7rAAA
Renilla CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTC TTC--GAGTCTT--GTAA-T TGGAATGAGTACAATrrrAAA
Stylatula CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACGA AAAATAACAATACAGGGCTC TTC--GAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Virgulari CGCAAATTACCCAATCCC-G ACGCGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTC TTC--GAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Leioptilu CGCAA.ATTACCTAATCCC-G ACACGGGGAGGTAGTGACAA AAAATAACAATACAGGGCCT CTTC-GAGTCTT--GTAA-T TGGAATGAGTACAATWAAA
Alcyonium CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TTTTGTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
C-kischl CGTAAATTACCCAATCC-IIG ACACAGGGAGGTAGTGACGA AAAATAACAATACATGGCTT TTC--AAGTC7T--GTAA-T TGGAATGAGTACAACTTAAA
Lemnalia CGCAAATTACCCAAT-CC-TG ACGTGG(3GAGGTAGTGACAA AAAATAACAATACAGGGCTT TT7MTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Xenia CGCAAATTACCCAA-CC-TG ACATiGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TT'rMTAGTCTT--GTAA-T TGGAATGAGTACAATIVAAA
Calicogor CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TTTTGTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA 
00




Anthoptil CGCAAATTACCCAATCCC-G ACRCRGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT 7'M--AAGTCTT--GTAA-T TGGAATGAGTACAA7MAAA
Eunicea CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT 711'MTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Anthothel CGCAAATTACCCAATCC-TG ACGTiGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TTTq'GTAGTCTT--GTAA-T TGGAATGAGTACAA=AAA
Telestula CGCA&ATTACCCAATCC-7,G ACACAGGGGGGTAGTGACAA AAAATAACAATACAGGGCTT TTC--AAGTCTT--GTAA-T TGGAATGAGTACAATrrrAAA
Briareum CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TCG--AAGTCTT--GTAA-T TGGAATGAGTACAATrrAAA
Siphonogo CGCAAATTACCCAATCC-IV ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TlvlTCTAGTCTT--GTAA-T TGGAATGAGTACAATrTAAA
Melitella CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTr TTrr-TAGTCTT--GTAA-T WGAATGAGTACAATrrAAA
Calcigorg CGCAAATTACCCAATCC-iG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TrITGTAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Juncee2 CGCAAATTACCCAATCCC-G ACTCGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTG TTC--AAGTCTT--GTAA-T TGGAATGAGTACAATTTAAA
Coelogorg CGCAAATTACCCATqICCC-G ACGTGGGGAGGTAGTiGACAA AAAATAACAATACAGGGCTr TI'rMTAGTCrrr- -GTAAAT TGGAATGAGTACAA7wrTAAA
Erythropo CGCAAATTACCCAATCC-TG ACACAGGGAGGTAGTGACAA AAA-TAACAATACAGGGCTT TTC--AAGTCTT--GTAA-T TGGAATGAGTACAAT7TAAA
Junceella CGCAAATTACCCkATCCC-G AC-TCGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT TC --- AAGTCTT--GTAA-T TGGAATGAGTACAATr-AA-
Heliop2 CGCAAATTACCCAATCC-TG ACGTGGGGAGGTAGTGACAA AAAATAACAATACAGGGCTT 7,ri*mTAGTcTT- -GTAA-T TGGAATGAGTACAATrrAAA
Plumigorg XXXXXXXXXXXXXXXXXXXX xxxxxxxXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
Dendro2 CGTAAATTACCCAATCC-TG ACACAGGGAGGTAGTGACGA AAAATAACAATACATGGCTT TTC--AAGTC'rr--GTAA-T iGGAATGAGTACAACTTAAA
Selaginop CGGAAATTACCCAATCCC-A A77CGGGGAGGTAGTGACAA GAAATAACGATAC-GGGGTC TTCACAGGTCTC--GCAA-T CGGAATGAGTACAATrrAAA
Beroe CGCAAATTACCCAATCCC-G ATTCGGGGAGGTAGTGACAA TAAATAACGTTGCAGGCGCC --- AATGG-CTTCTGCAG-T CGGAATGAGTACAATATAAC
Mnemiopsi CGCAAATTACCCAATCCC-G ATTCGGGGAGGTAGTGACAA TAAATAACGTTGCAGGCGCC --- AACGG-CTTCTGCAG-T CGGAATGAGTACAATATAAC
Scypha CGCAAATTACCCAATCCC-G ACACGGGGAGGTAGTGACGA TAAATAACAA7'GCAGGACTC T-AACGAGTCTT--GCAA-T TIGGAATGAGAACAA7PrAAA
Tripedali CGCAAATTACCCAATCC-ly, ACACAGGGAGGTAGTGACAA GAACTAACAATATGGGGCCT lm--TIGGTCTC--ATAA-T TGGAATGAGTACAATrrAAA
Trichopla CGCAAATTACCCAATCC--G ACACGGGGAGGTAGTGACAA GAAATAACGATACGGGGCCA TC --- WG-CTTC-GTAA-T CGGAATGAGTACAATrrAAA


































































































































































































































































































AnemoniaG AAGCTCGTAGTIGGACTTCG GGGT--GGCACGGCCG.TCC G-CCGCAA-G7GWTCACM GCCGGGCCGCTCTTCTTCGC AAAGACCGCGIM7GCTCTTG
Hormathii AAGCTCGTAGT7GGATTTCG GGA--CGGCGCGGCCGGTCC G-CCGCAAGGCGTGTTACTG ACCGAGC7GTTCTTCTTCGC AAAGACT(;CAMT<;CTCTTA
Narellanu AAGCTCGTAGTTGGACTTCG GGA--CGGTNCGGTCGGTCA G-CCGCAAGGTATGTCACTG GCCGCACTGTTCC7CCTCGC AAAGAC7GCTCGT<;CTCTTA
Lepidisis AAGCTCGTAGT7GGATTTCG GAG--CGGCGCGGTMGTCA G-CCGCAAGGTATGTCACTG GGCGCGCTGT'XTMTTCGC CAAGAC79CGCGTGCTCTTA
Orstomisi AAGCTCGTAGTTGGATTTCG GAG--CGGCGCr.-TTIGGTCA G-CCGCAAGGTATGTCACTA GCCGCGCIGTTC.CcTTCGc cAAGAcTrcGcGTGcTcTTA
umbellula AAGCTCGTAGTT<;GATTTCG GG7r-CGGCGCGGTCGGTCA G-CCGCAAGGTTTGTTAC7G GCCGCGCCTACCCTATTCGC GAAGACTCCGTGTGCTCTTC
Paramuric AAGC7CGTAGTT<;GATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTA7GTCACW TCGACGTTGGCCTTCTTCGC GCAGACTTCGCGTGCTCTTA
Acanthogo AAGCTCGTAGTTGGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTA7GTCAC7G TCGACGTTGGCCTTCTTCGC GCAGACTTTGCGTGCTCTTA
Taiaroa AAGCTCGTAGTT<;GATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTA7GTCACTG TCGGCGTMWCTT-CTTCGC GCAGACTrcGCGTGCTCTTA
Bellonell AAGCTCGTAGTTGGATTTCG G-CT-CGACGGCGACGGTCA G-CCGCAAGGTA79CCAC7G TCGACGTTGr.CCTTCTTCGC GCAGACTTCGCGT<;CTCTTA
Protoptil AAGCTCGTAGT7GGATTTCG GGG--CGGCGCGGTMGTCA G-CCGCAAGGTATGTTACTG GCCGCGCIGTTCMTTCGC CAAGACTACGTGTGCTCTTA
Anthomast AAGCTCGTAOTTGGAITTCG AGA--CGGCGCGGTT(;GTCA T-CCGCAAGGCATGTCACTG ACTGCGTTGTCCCTCTTCGC GAAGGTCACGTGTGCTCTTA
Narellabo AAGCTCGTAGTTGGACTTCO GGA--CGGT<;CGGTCGGTCA G-CCGCAAGGTATGTCACT(; GCCGCATTGTTCCTCTTCGC AAAGACT(;CTCG7GCTCTTA
Protodend AAGCTCGTAGTTGGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTAIGCCACTG TCGACGTTGGCCTTCTTCGC GCAGACTTCGCGTGCTCTTA
Tubipora AAGC7CGTAGTIMATTTCG GGCT-CGACGGCGACGG-CA G-CCGCAAGGTATGTCACTG TCGGCGTTGGCCTTCCTCGC GCAGACTTCGCGTGCTCTTA
Paragorgi AAGCTCGTAGTTGGATTTCA GGA--CGGCGCGGTTGGTCA T-CCGCAAGGCAIGTCACIG GCTGCGTTGTCCTTCTTCGC GAAGACCACGTGTGCTCTTA
Lophogorg AAGCTCGTAGTTGGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTA7GTTAC7r TCGACGTT<;GCCTTCTTCGC GCAGACTTCGCGMCTCTTA
Chrysogor AAGCTCGTAGT7GGATTTCG GGA--CGGCGCGGTCGGTCA G-CCGCAAGGTATGCCAC79 GCCGCGTTGTTC M TTCGC CAAGAC7GCGCGT<;CTCTTA
Acanthopt AAGCTCGTAGT7GGATTTCG GOA--CGGCGCGGTCGGTCA G-CCGCAAGGTATGCAACTG GCCTCGCCTTCCTTTCCCGG CCAGAC7GCGCGTGCTCTTA
Clavulari AAGCTCGTAGT7GGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTAT(;TCACTG TCGACGTMGCCTTCTTCGC GCAGACTTCGCGIGCTCTTA
Corallium AAGCTCGTAGTTGGATTTCG GGA--CGGCACGGTIGGTCA ATCCGCAAGGAAT(;CCACTG GCTGCGTIMTCCTTCTTCGC GAAGACCACG7GT(;CTCTTA
Renilla AAGCTCGTAGTTGGATTTCG GGT--CGGCTCGGTCGGTCA G-CCGAAAGGTGTGTCACT(; GCCGCGCTGTCCTTCTTCGC CAAGAC7GCGCGTGCTCTTA
Stylatula AAGCTCGTAGTT<;CATTTCG GGG--CGGCGCGGTT(;GTCA G-CCGCAAG-TAWTCACIG ACCGCGCTGTTCTTCTTCGC CAAGACTACGTGWCTCTTA
Virgulari AAGCTCGTAGTT(;GATTTCG GGG--CGACGCGGTMGTCA G-CCGCAAGGTATIGTCACTO TCCGCGCT(;MTTCTTCGC CAAGACTACGIGTIGCTCTTA
Leioptilu AAGCTCGTAGT7GGATTTCG GGC--CGGCCCGGTMGTAC G-CCGCAAGATAIGTCAC7G GCCGCGCTGTTCTTCTTCGC CAAGACTACGTGTGCTCTTA
Alcyonium AAGCTCGTAGTTGGATTTCG GGCT-CAACGTCGTCGGTCT G-cCGCAAGGTGAGG-ACTG GCGGCGTTAGCCTTCCTCGT GCAGACTTCGCGIGCTCTTA
Ckischl AAGCTCGTAGTTWATTTCG GGG--CGGCTCGGT7GGTCA T-CCGCAAGGCATUCCACTG GCTGCGCMTCCTT<:TTCGC GAAGACCACGTGTGCTCTTA
Lemnalia AAGCTCGTAGTTGGATTT-CG GGCT-CGACGACGACGGTCA G-CCGCAAGGTATGTCACTG TCGGCGTIGGCCTTCTTCGC GCAGACTTCGCGTGCTCTTA
Xenia AAGCTCGTAGTTGGATTTCG GGCT-CGACGACGACGGTCT G-CCGCAAGGTAIGCTACTG TCGGCGTTGGCCTTCTTCGC GCAGACTTCGCGT(;CTCTTA
Calicogor AAGCTCGTAGTT(;GATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTATG-TACTG TCGACGTTGGCCTTCTTCGC GCAGACTTCGCG7GCTI'rrA 
0
Euplexaur AAGCTCGTAGT7WATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTATGTCACIG TCGACGTTGGCCTTCTTCGC GCAGACTTCGCG7GCTC7rA C14
Anthoptil AAGCTCGTAGTTGGACTTCA GGG--CGGCGIGGTTGGTCA G-CCGCAAGGTA7GTTACTG GCCGCGCTGTTCTTCTTCGC CAAGACTACGTGTGCTCTrA
Eunicea AAGCTCGTAGTTGOATTTCG GGCT-CGACGACGACGGTCA G-CCGTAAGGTAIGTCACTO TCGGCGTTGGCCTTCTTCGC GCAGACTTCGCG7GCTCTTA
Anthothel AAGCTCGTAGTTGGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTATGCCAC7G TCGACGTTGGCCTTCTTCGC GCAGACTTCGCG7GCTCTTA
Telestula AAGCTCGTAGTTGGATTTCG G-7G-CGGCGCGGTTGGTCA G-CCGCAAGGTATGTTACIG GGCGCGCTGCTCTTCTTTGT CAAGACTACG7GTGCTCTTA
Briareum AAGCTCGTA.TTGGATTTCG OG-T-CGGCGCGGTCGGTCA G-CCGCAAGGTAWTCACT<; GCCGCGGCGTCCTTCTTCGC CAAGACCGCG7G7GCTCTTA
siphonogo AAGCTCGTAGTTWATTTCG GGCT-CGACGACGACGGTCA G-CCGWAAGGTWTGTCACT3 TCGGCGTTiGGCCTTCTTCGC GCAGACTACGCGTGCTCTTA
Melitella AAGCTCGTAGTTGGATrTCG GGCT-CGACGGCGACGGTCA G-CCGWAAGGTWZGTCACTG TCGACGTT(;GCCTTCTTCGC GCAGACTTCGCGTGCTCTTA
Calcigorg AAGCTCGTAGTTGGA77TCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTA7GTCACTG TCGGCGrMGCCTTCTTCGC GCAGACTTCGCGTGCTCTTA
Juncee2 AAGCTCGTAGTTGGATTTCG GGG--CGGCGAGGTCOGTCA G-CCGCAAGGTA7GTCACT<; GCCGCGCTGTCCTTCTTCGT CAAGACTACGCGWCTCTTA
Coelogorg XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX xxxxxxxxxxxxxxxxxxxx XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
Erythropo AAGCTCGTAGTTGGATTTCG GGG--CGGCGCGGTTGGTCA G-CCGCAAGGTAIGTTACT(; GCCGCGC7GTCC7-WTTCGC CAAGACTACGTGTGCTCTTA
Junceella AAGCTCGTAGTTGGATTTcG GGG--cGGcGcGGTCGGTCA G-CCGCAAGGTAT<;TCACTG GCCGCGCTG7CCTTCTTCGC CAAGACTACGTGTGCTCTTA
Heliop2 XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX xxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxx
Plumigorg AAGCTCGTAGT7GGATTTCG GGCT-CGACGGCGACGGTCA G-CCGCAAGGTATGTCACT(; TCGACGTTGGCCTTCTTCGC GCAGACTTCGCGWCTCTTA
Dendro2 AAGCTCGTAGTTGGATTTCG GGA-CGGCAC-GGTTGGTCA ATCCGCAAGGCATGCCAC7G GCTGCGTTGTCCTTCTTCGC GAAGACCACGTGIMCTCTTA
Selaginop AAGCTCGTAGTTGGATTTCG G-7G-TGGGCCAGTCGGTCG G-CCGCAAGGCC7GTTACIG ACTGGTTCGCTCTTCTTCTC AAAGAC79CACGTGCCCGTC
Beroe AAGC7CGTAGTTGGATTTCG GAA-CCGGCC-GATMGTCC GTCCTCTGGATCG7GTACIG ATCGGTCIGIICTTCTTCGC GAAGACCACGTG7GCCCTTA
Hnemiopsi AAGCTCGTAGT7GGATTTCG GAA-CCGGCC-GATT-GGTCC GTCCTCTGGATCGTGTACTG ATCGGTCTGTTCTTCTTCGC GAAGACCGCGTG79CCCTTA
Scypha AAGCTCGTAGTTGGATTTCG GAG-CGGAGCT-CACGGTCC G-CCTTTTCGGGT(;TGCACT GTGCTGTTCT(;TTCTTCTTC TCGT(;GAGCG7GT<;7UCTCT
Tripedali AAGCTCGTAGT7GGATTTCG GGTT-GGAGTT-GACGGTCT G-CCGCAAGGTATG7TAC7G ICCAC7C7GTCCTTCTTCGC AAGGACMACATATCCTTA
Trichopla AAGCTCGTAGTTGGATTTCG GAAT-GAATCT-GACGGTCC G-CCTAACGGTG-AGTACT(; GATUATTIGTTCTTCTTCTT GACGGC7GCATA7GCTCTTA





































































































ACGCGACGTTTACTTTGAAA AAATTAGAGTGTTCAAAGCA GGCTT--GTGCTTGGATACA TAAGCATGGAATAATGGAAT
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Renilla TTCTTGGA71TACGAAAGAC GAACTAATGCGAAAGCAI'rr GCCAAGAATGTTTTCATTAA TCAAGAACGAAAGTTAGAGG
































































































Plumigorg TTCTTGGG7qACGAAAGAC GAACTAATGCGAAAGCAT7r GCCAAGAATGT'rTTCATTAA TCAAGAACGAAAGT'rAGAGG ATCGAAGACGATCAGATACC
Dendro2 TTCIIIIGGATCTGCGAAAGAC GAACTAATGCGAAAGCATPr GCCAAGAATGT71wrCATTiGA TCAAGAACGAAAG7TAGAGG ATCGAAGACGATCAGATACC
Selaginop TTCTTGGACCTACGAAAGAC GAACAACTGCGAAAGCATI? GCCAAGAGTGT7IMATTAA TCAAGAACGAAAGTTAGAGG ATCGAAGACGATCAGATACC
Beroe 71'CTTGGAT7rA-GAAAGAC GAACTTCTGCGAA-GCAT7T GCCAAGGATlG711r'rCATTAA TCAAGAACGAAAGTT<;GAGG CTCGAAGACGATCAGATACC
Mnemiopsi TTCTTGGATTTATGAAAGAC GAACTTCTGCGAAAGCATTT GCCAAGGATGTVIrCATTAA TCAAGAACGAAAGTTGGAGG CTCGAAGACGATCAGATACC
Scypha TTCTTGGATSATGGAAGAC GAACAACTGCGAAAGCATrr GCCAAGGATGlrTTCATTAA TCAAGAACGAAAGTTGGAGG TTCGAAGACGATCAGATACC
Tripedali TrCIIMGATTTACGAAAGAC GAACAACTGCGAA6AGCATTT GCCAAGAAWTlvlwrCATTAA TCAAGAACGAAAGTTAGAGG ATCGAAGACGATCAGATACC
Trichopla 7lMTIMGA7lPrATGAAAGAC GAACAACTGCGAAAGCAIIT GCCAAGAATGTTTTCATTAA TCAAGAACGAAAGTTAGAGG TTCGAAGACGATCAGATACC









AnemoniaG GTCCTAGTTATAACCATAAA CGATGCCGACTAGGGATC-A GAGAGTGTTATTGGATGACC TCTTTGGCACCTTAGGGGAA
Hormathii GTCCTAGTTCTAACCATAAA CGATGCCOACTAGGGATC-A GAGAGTGTTATTGGATGACC TCTTTGGCACCTTATGGGAA















































































































































































































































































































































































































































































































































































































































































































































































































































ATAGTTACGCCCATCGCGAT GGGCA- -ACTA ----
ATAGTCACGCGAATCCCGAN TCGCG- -GCTG ----
ATNGTCGGACGAT1TCCCGAA TCGTGN- CACG ----
ATAGTCGGACGAT1'CTCGAA TCGTC- -CTCG ----
ATAGCCAGGCGA'rrCTCGAA TCGTC- -CTCG ----
CTAGTCAGTAGATTCACGAA TCGAC- -GGTG----
ATAGTCAGACGATITCTCGAA TCGCT- -CTCG ----
ATAGTCAGACGATTCTCGAA TCGCT- -CTCG ----
ATAGTCAGACGAI'CACGAA TCGCT- -CrCG ----
























































































ATAGTCAGCCGATTTCCGAA TCGTC- -CTCG ----
ATAGTCAGACGA'ITCCCGAA TCGCT- -CTCG ----
ATAGTCAGACGATTCCCGAA TCGCT- -CTTG ----
ATAGTCAGACGA'PrCACGAA TI'GCT- CTCG ----
ATAGTCAGACGATT1CACGAA TCGCT- -CTCG ----
ATAGTCGGGCGA'PTCTCGAA TCGTC- -CTCG ----
ATAGTCAGACGATTCTCGAA TCGCT- -CTI'O----





















































































































































































































































































































































































Trichopla --GCGTTTAGCCAAAGTAAG TkGGGCCATAACAGGTCTGT GANGCCCTTAGATGTTCT3G GCGACGCGCGC--TACACTG ATGAAGGCAGAGAGT -----

























Narel labo --- -CCTrCACCGGAAGGTGT GGG-TAATCPTCTGAATCAT AGTCGTGCTGGAATAGATC
Protodend --- -CCNCACCGAAAGGTGT GGG-TAATC?1'GTGAATCAT CGTCGT1GCTGGGGATAGATC
Tubipora --- CC?1CACCGAAAGGTGT GGG-TAATCTTGTGAATCAT CGTCGTGCTGGGGATAGATC
Paragorgi --- -CCTCATCGACAGGTGT GGG-TAATCTITCGGAATCAT CGTCG'rGA'IGGGAATAGATC
Lophogorg --- -CCTCACCGAAAGGTGT GGG-TAATC?1'GTGAATCAT CGTCGTGCTGGGGATAGATC
Chrysogor --- -CCTPCACCGAAAGGCGT GGG-TAATCTGTGYAATCAT CGTGTGATGGGATAGATC
Acanthopt --- -CC11CACCGAAAGGTGT GGG-TAATCTrGN3AATCGT CGTCG'rGCTGGGGATAGGCC
Clavulari --- -CCTTCACCGAAAGGTGT GGG-TAATCI'GTGYAATCAT CGTCGTGCTGGGATAGATC
Corall jum --- -CCTCATCGAAAGGTGT GGG-TAATCTrCGGAATCAT CGTCGTATGGGAATAGATC
Renil1la --- -CCTTCACCGAAAGGTGT GGG-TAATCTT'1'GAATCAT CGTCGTGCTGGGGATAGATC
Stylatula --- -CC7ICATCGAAAGGTGT GGG-TAATCTTCTGAATCAT CGTCGTGCTGGGGATAGATC
Virgulari - -- CCTrCACCGAAAGGGT GGG-TAATCT'rCTGAATCAT CGTCGTGCTGGGGATAGA'rC
Lejopt ilu --- -CC?1CACCGAAAGGTGT GGG-TAATC'PTCTGTATCAT CGTCGTGCXGGGGATAGATC
Alcyonium --- -CCTCACCGAAAGGTGT GGG-TAATCTrGTGAATCAT CGTCGTGCTGGGGATAGA-C
C-kischl --- -CCTrCATCGAAAGGTGT GGG-TAATCTTCGGAATCAT CGTCGTGATGGAATAGATC





































































































































































































































































































Virgulari GCGAGTCATCAGCTCGCGTT GATTACGTCCCTGCCCTTTG TACACACCGCCCGTCGCTAC
Leioptilu GCGAGTCATCAGCTTGCGTT GATTACGTCCCTGCCCTTTG TACACACCGCCCGTCGCTAC









































































































































































C-G-CG ---- CCCCGGCCAC GGAGCAGCGGACTGCC-GAG AAGTTGrrCAAACTTIGATCA TTT-AGAGGAAGTAAAAGTC
C-GCCG ---- CCCCGGCAAC GGAGCAGCGGACTGCC-GAA AAGTTGTTCAAACTTIGATCA TTT-AGAGGAAGTAAAAGTC
T-GTCGGAG --- TTG-CAAG ACTCTGACGGAGGCTC-GAA AAGTTGGTCAAACI'MATCA TTT-AGAGGAAGTAAAAGTC
T-GTCGGAG --- TCG-CAAG GTTCTIGACGGAGGTCC-AAC AAGTTGGTCAAACTTGATCA =-AGAGGAAGTAAAAGTC
T-GTCGGAG --- TCG-CAAG ATTCTIGACGGAGGTCC-AAA AAGTTGGTCAAACT'MATCA TTT-AGAGGAAGTAAAAGTC
C-GTCGT'G --- TTCG-AAAG AATCIGACGGAC-GCC-GAA AAGCTGGTCAAACTIGCTCA TTT-AGAGGAAGTAAAAGTC
T-GTCAGAT'GGGCTTCGGCT CATCCGACGGAC-GTC-AAA AAGMGTCAAACMATCA TTT-AGAGGAAGTAAAAGTC
T-GTCAGATIGGGCTTCGGCT CATCCGACGGAC-GTC-AAA AAGTTGGTCAAACIvMATCA 7IT-AGAGGAAGTAAAAGTC
T-GTCAGAT'GGGCTTCGGTT CATCCGACGGAC-GTC-AAA AAGTTGGTCAAACTTGATCA TTT-AGAGGAAGTAAAAGW

















































T-GTCGGATT ---- CGCAAG ACTCGGACGGAG-GCC-GAG
T-GTCGGATT ---- CGAAAG AGCCTIGGCGGTC-GCT-GAG
C-GTCGGAGTT ---- GTAAG ACTCTGACGGAA-GCTTGAA
T-GTCAGATIGGTCMGGCT CATCCGACGGAC-GTC-AAA
T-GGTAGACGGGC M GGTT CGTCCGCCGGAC-GTC-AAA










































































T-GTCGGATT ---- CGCAAG ACTCTGACGGAG-GTC-GAG AAGTTGGTCAAACrMATCA TIT-AGAGGAAGTAhAAGTC
T-GTCAGAT'GGGTCTCGGCT CATCCGACGGAC-GTC-AAA AAGTTGGTCAAACTTGATCA TTT-AGAGGAAGTAAAAGTC
T-GTCAGATAGGTTTCGACC TATCCGACGGAC-GTC-AAG AAGI'MGTCAAACTTGATCA TTT-AGAGGAAGTAAAAGTC
T-GTCAGAT'GGGCTTCGGCT CATCCGACGGAC-GTC-AAA AAGTTGGTCAAACTTGATCA Trr-AGAGGAAGTAAAAGTC
T-GTCGGATr ---- CGCAAG A7rCCGACGGAC-GTC-GAA AAGTTCGTCAAACTTGATCA T7r-AGAGGAAGTAAAAGTC
XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
T-GTCGGATT ---- CGAAAG ACTCTGACGGAA-GTCCGAG
T-GTCGGATT ---- CGCAAG ACTCTGACGGAG-GTC-GAA
XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
AAGTT'GGTCAAACTTIGATCA T'Pr-AGAGGAAGTAAAAGTC
AAGTTGGTCAAACTTGATCA TrPr-AGAGGAAGTAAAAGTC
XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX
AAGT'GGTCAAACTTIGATCA
AAGC'GCTCGAAC7'IGATCA
AACTTGCTCAAACATG----
AACTTGCTCAAACTTGATCA
AAGYMATCAAACTTGATCA
AAGCT71'rCAAACCCGATCA
AAGTTIGATCAAAC7'MATCA
AAGTCGATCAAACTTGATCA
XXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX
7I'r-AGAGGAAGTAAAAGTC
Trr-AGAGGAAGTAAAAGTC
--------------------
T-GTCGGGTT ---- CGAAAG
CCTTGGTA ---- CCTTCACG
CCGTGCCGCAAGGAATIGGTG
GCCATIGCYGCGAGGCACGGC
CCGGCGGCCTTGTGTIVCCG
CCTCTGGTCGGCAACGGCCT
GGCGTGACTTTACGGTTGTG
CCGWGCAGGCGACT13CCGC
AGCCTGACGGCC-GCC-GAG
GGTCCAACGGTrrAGCCGAG
CCGCC ------------ GAG
GCCGCC ----------- GAG
GACACAGC --------- GAG
ATGGG7TACC ------- GAG
CCAATTATC -------- GAG
GGCGGA71'M ------- GAG
TI'rAGAGGAAGTAAAAGTCG TAACAAGGVrrcCGTAGGTIG
TTTAGAGGAAGTAAAAGTCG TAACAAGG=CGTAGG7G
T7TAGAGGAAGTAAAAGTCG TAACAAGG7wl'MCGTAGGTG
TCTAGAGGAAGTAAAAGTCG TAACAAGGT=CGTAGGT<3
T*TAGAGGAAGT -------- --------------------
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